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 The main scope of the present work is to explore the electronic structures and to 
design the novel optical functional materials. In this dissertation, there are four chapters; 
the first chapter is devoted to analysis and design of dye-sensitized solar cells (DSSCs) 
in terms of spin-forbidden transitions in sensitizing dye molecules. The second chapter 
investigates detailed potential energy surfaces (PESs) for rotation of organic cations in 
organic-inorganic hybrid perovskites. The third chapter demonstrates a novel material 
search for perovskite solar cells (PSCs) through a high-throughput material search 
scheme based on materials informatics (MI). The fourth chapter unveils the relationships 
among effective mass, transient photoconductivity, and photocatalytic activity of SrxPb1-
xBiO2Cl oxyhalides. 
 Chapter 1 gives a general overview of the present study; introduction to solar 
energy storage and optical functional materials (i.e., next generation solar cells and water 
splitting photocatalysts). 
 Chapter 2 deals deals with spin-forbidden transitions in a Ru dye with an N3 
skeleton and an Fe dye with a DX1 skeleton by time-dependent density functional theory 
(TD-DFT) including spin–orbit interaction (SOI). The modified N3-based Ru dye with 
iodine anions has an absorption edge in the long wavelength region, which is not observed 
in the original N3 dye. The long wavelength absorption edge originates from the SOI of 
iodine. Although the Fe dye has a small SOI, spin-forbidden transitions also occur for 
DX1-based Fe dye systems with iodine anions. This result indicates that the introduction 
of iodine can strengthen the SOI for a dye sensitizer and offers a new approach for 
designing spin-forbidden transitions. Furthermore, spin-forbidden transitions for an N3-
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skeleton Ru dye with a thienyl group and iodine anion is theoretically examined by TD-
DFT considering SOI. We found that the remarkable oscillator strength in the near-
infrared region and a strong SOI enhanced by introducing the thienyl group into the 
bipirydyl ligands. 
 Chapter 3 describes PESs and energy barriers for rotations of the organic cations, 
such as methylammonium (CH3NH3
+, MA), formamidinium (CH(NH2)2
+, FA), and 
guanidinium (C(NH2)3
+, GA) in cubic-phase lead/tin halide perovskites using first 
principle calculations. It have been reported that dynamics of organic cations in 
organic−inorganic hybrid perovskites such as MAPbI3 plays important roles for charge 
carrier lifetime and ferroelectricity but have not been fully investigated theoretically. 
Regarding MA, we have compared the energy barriers and relaxation times for rotations 
of the MA in the cubic-phases of MABX3 (B = Pb or Sn, X = Cl, Br, or I) by considering 
structural relaxation of the BX6 inorganic framework. We successfully reproduced the 
experimental rotation barrier for the 4-fold rotational symmetry (C4) of the C-N axis of 
MA. Our calculations suggest that the MA can rotate relatively freely because the flexible 
inorganic framework exhibits liquid-like behavior, which induces cooperative 
displacement of the metal cation (B) and the halogen (X) via a hydrogen bond and lowers 
the rotation barrier height. We also demonstrate that the MA (6−11 kJ mol−1) rotation 
barrier, which is closely correlated to the BX6 inorganic framework hardness, can be 
controlled by choosing the constituent metal cations and halogens. In particular, the 
rotation barrier height increases with lighter halogen atom. Regarding FA and GA, the 
PESs and energy barriers for the rotations, which have not been reported by experiments, 
were calculated using first principles and compared with those of MA. The PES for 
rotation of FA indicates that FA rotates around the N−N bond axis (φ) with a low energy 
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barrier, whereas the energy barrier for FA rotation around the axis penetrating the C atom 
and the FA center of gravity (θ) is high. This anisotropic rotational motion is not observed 
in the MA rotation. For GA, the analysis revealed that the principal rotations of GA 
involve bonds and cleavages six hydrogen bonds between the organic cation and the 
inorganic framework. Our results suggest that GA can effectively pacify under-
coordinated iodine ions using its high hydrogen bond capability, which is consistent with 
the experimental speculation that GA can suppress iodine defects by the hydrogen bonds. 
Thus, we revealed important design rules for controlling the rotational barrier and 
orientation which are correlated to the charge carrier lifetime and ferroelectricity by 
forming hydrogen bonds and halogen substitution. 
 Chapter 4 explores the alternative material search for PSCs via MI. PSCs based 
on lead-halide perovskites have attracted significant attention as prime candidates for 
next-generation solar cells because of their high-power conversion efficiency. To avoid 
the toxicity of lead-based perovskites, alternatives such as tin-halide perovskite have been 
investigated. However, the photovoltaic performance of these alternatives is relatively 
low, and novel perovskites combing low cost, low toxicity, and high performance have 
not yet been discovered. In this study, to investigate whether or not promising alternative 
perovskites with low toxicity exist, a high-throughput material search scheme based on 
MI was developed and performed for PSC materials. Using this scheme, over 28 million 
AABBX3X3 double-perovskite-like compositions were screened. Among the twenty-
four most promising candidates identified, five were well-known organic-inorganic tin-
halide perovskites and seventeen were sodium-, potassium-, and ammonium-based tin-
halide perovskites. Interestingly, two transition-metal-based perovskites were also 
identified as promising solar cell materials. Our pioneering material search scheme is 
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expected to find use in the identification of practically feasible materials for a number of 
real-world applications. 
 Chapter 5 focuses on the theoretical investigations into carrier mobility, which 
strongly correlates to the photocatalytic activity, in photocatalytic oxyhalide solid 
solution, SrxPb1-xBiO2Cl (x = 0-1). Here, we calculate carrier effective mass (m
*) in the 
solid solution models, SrxPb1-xBiO2Cl (x = 0, 0.25, 0.5, 0.75, 1), using DFT calculations. 
The m* values of the electron and hole increase substantially upon substituting Pb by Sr 
in the oxyhalide (SrxPb1–xBiO2Cl, x = 0–1). Notably, the transient pseudo-
photoconductivity maximum (φΣμmax) from time-resolved microwave conductivity 
(TRMC) and O2-evolution rates of SrxPb1–xBiO2Cl tend to decrease with x, consistent 
with the change in m*. Thus, migration of charge carriers may rule the photocatalytic 
activity of oxyhalide, and the m* is an important parameter that controls the catalytic 
efficiency of the oxyhalide. In addition, we theoretically demonstrate decrease in m* by 
metal substitutions. Novel oxyhalide materials, SnBiO2Cl and PbSbO2Cl, shown 
relatively small m* values of the hole in comparison with PbBiO2Cl and SrBiO2Cl, and 
are expected as photocatalysts with higher carrier mobility. The established correlation 
encourages efficient exploration of semiconducting photocatalysts based on transient 
spectroscopies and computed m*. 
 Chapter 6 draws general conclusions that our theoretical investigation into the 
electronic and physical properties and material design for optical functional materials is 
a powerful guide line for the performance improvement and practical application of next 
generation solar cells and water splitting photocatalysts.  
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Chapter 1. General Introduction 
 The recent developments in computational methodologies, such as high-
performance computing systems, quantum chemical calculations, and machine learning 
predictions have attracted considerable research attention to enhance the existing 
knowledge in the field of Materials Science. Investigations of the physical and chemical 
properties of solar energy storage materials such as solar cells and photocatalysts, and the 
design of novel materials are essential for the development of solar energy harvesting 
devices. For example, theoretical calculations are used to investigate the mechanism of 
chemical phenomena that can help in the design of novel high-performance materials. 
This thesis focuses on the theoretical simulations of the analysis and design of optical 
functional materials, namely, dye-sensitizing molecules for dye-sensitized solar cells 
(DSSCs), organicinorganic perovskites for perovskite solar cells (PSCs), and water-
splitting photocatalysts for hydrogen generation. Thus, this thesis proposes a new strategy 
toward the development of highly efficient solar energy harvesting materials. 
1.1 Solar Energy as a Renewable Energy Source 
 In 2012, the energy consumption around the world had amounted to 5.3 × 1020 
J per year, which is equivalent to the energy obtained from 125 trillion kg of crude oil [1]. 
Furthermore, fossil fuel consumption has been rapidly increasing because of the 
population explosion in today’s developing and young countries. Simultaneously, the 
reduction of greenhouse gas emissions is essential for the prevention of global warming. 
Therefore, to solve the abovementioned incompatible problems—namely the energy and 
environmental problems, each government, including the Government of Japan, has been 
promoting renewable energies and energy-saving strategies [2]. 
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 Renewable energies are power generation methods that use energy sources 
derived from natural processes, which can be constantly replenished and do not emit 
greenhouse gases during their operation. Therefore, they are considered as substitutes for 
fossil fuels. These power generation methods vary according to their energy source such 
as solar light, solar heat, wind power, hydro power, geothermal power, and biomass. 
Therefore, it would be advantageous to select a power generation method that is suitable 
for the local climate and topography of the region. 
 Solar photovoltaics is a promising technology, which uses solar cells and 
photocatalysts to generate power from solar energy, because of its advantages such as the 
stability of the solar energy and lower running cost. Therefore, it has been considered as 
a solution for the abovementioned global energy and environmental problems. Especially, 
in Japan, which has poor fossil fuel energy sources, the government has been promoting 
the use of solar photovoltaics not only to increase the country’s energy self-sufficiency, 
but also to achieve a low-carbon society [2]. 
 The energy source for solar photovoltaics is the nuclear fusion reaction that 
occurs in the sun: hydrogen fuses into helium at the rate of 6 × 1011 kg per second, 
generating 4 × 1020 J of energy due to the mass defect of 4 × 103 kg, because of the 
massenergy equivalence defined by the well-known Einstein’s formula [3,4]: 
𝐸 = 𝑚𝑐2    (1.1). 
Where, 𝐸, 𝑚, and 𝑐 represent the energy, mass, and speed of light, respectively. Most 
of this generated energy is emitted as light in the ultraviolet to infrared wavelengths (200 
to 3000 nm). The mass of the sun amounts to 2 × 1030 kg, which is enough to emit light 
for over 10 billion years [3]. Figure 1.1 illustrates the solar irradiance spectrum: the 
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energy density of solar light is 1367 W m-2 above atmosphere (air mass 0, AM0) and 963 
W m-2 at sea level (air mass 1.5, AM1.5), tilted at 37° from the horizontal and facing the 
sun [3]. The total energy of the AM0 solar light shining on the earth amounts to 5.5 × 
1024 J per year, which is equal to 10,000 times of the global energy requirement [5], which 
can be fulfilled using photovoltaic systems that exhibit a power conversion efficiency of 
10%, and 0.001% of the land area on the earth’s surface [6]. 
 
 
 Nowadays, solar cells, which are electric appliances that convert solar energy 
into electric power, are being utilized worldwide. The prototype for today’s solar cells 
was first reported by D. Chapin and coworkers in 1954 [8]. Subsequently, various types 
of solar cells have been developed (e.g., silicon, compounds, organic thin film, etc.), with 
Figure 1.1. Solar irradiance spectrum above atmosphere (AM0) and at sea level 
(AM1.5); the AM1.5 global irradiance was calculated for a fiat collector surface tilted 
at a 37° angle with the horizontal and facing the sun. For the AM1.5 direct normal 
spectrum, a 5.8° field-of-view that includes the circumsolar radiation was used [7]. 
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increasing power conversion efficiencies over the years, as shown in Figure 1.2 [9]. 
  
 
 Generally, the structure of silicon and compound solar cells is a combination of 
p- and n-type semiconductors. A p-n junction solar cell is built from a p-n junction near 
the surface, an interdigital electrode at the front, an electrode at the back, and an 
antireflection film on the surface, as shown in Figure 1.3. In the cell, the charge carriers 
are generated by the photovoltaic effect of the incident light. Charge carrier separation is 
taken place by built-in electric field at the p-n junction. This electric field is thought to 
drive the free electrons into the n-type semiconductor and the holes into the p-type 
semiconductor [3,10]. However, the photons with lower energy than the semiconductor 
band gap cannot generate excitons, while in those with higher energy than the band gap, 
the surplus energy is converted to heat. The short circuit current density is theoretically 
Figure 1.2. Best Research-Cell Efficiency Chart of the highest confirmed conversion 
efficiencies for research cells over a range of photovoltaic technologies, plotted from 
1976 to the present [9]. 
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estimated from a number of photons with higher energy than the band gap. Thus, the 
theoretical power conversion efficiency is determined by the band gap, and 
semiconductors with band gaps of 1 to 2 eV can be used as solar cell materials [3]. 
 
 
 Recently, next-generation solar cells such as dye-sensitized, perovskite, organic 
thin film, and quantum dot solar cells have been attracting attention because of their high 
power conversion efficiency, low manufacturing cost, and flexibility, in comparison with 
the silicon solar cells. As shown in Figure 1.2, these solar cells are under intense 
investigation for their practical use, and are considered as future alternatives for silicon. 
On the other hand, as chemical energy is more suitable than electric energy for large-scale 
energy storage and energy transport [7], and water-splitting photocatalysts, which can 
directly convert solar energy into chemical energy by decomposing water, are also 
considered as promising energy-harvesting materials. To accelerate the development of 
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the abovementioned solar energy-harvesting systems, the present thesis focuses on the 
analysis and design of optical functional materials, namely, dye-sensitizing molecules for 
DSSCs, organicinorganic perovskites for PSCs, and water-splitting photocatalysts for 
hydrogen generation. 
1.2 Dye-Sensitized Solar Cells 
 Dye-sensitized solar cells with high power conversion efficiency—of more than 
7%—were first reported by B. O’Regan and M. Grätzel in 1991 [11], following which 
the solid-state photovoltaics technology has been challenged by devices functioning at 
the molecular and nanolevel through further advancements of the DSSCs. A key feature 
of the DSSCs is the prospect of low-cost fabrication; besides, they can function under 
diffuse light conditions as well as at higher temperatures, and owing to their flexible shape, 
color variation, and transparency, it is possible to devise various DSSC designs. Hence, 
the DSSCs have the following advantages over the conventional solar cells such as those 
made of silicon and compounds: (1) low production cost and much lower investment costs, 
(2) design opportunities such as transparency and multicolor options, (3) flexibility, (4) 
lightweight, (5) feedstock availability to reach the terawatt scale, (6) short energy payback 
time, i.e., less than one year, (7) enhanced performance under real outdoor conditions, (8) 
bifacial cells that can capture light from all angles, and (9) higher performance compared 
with their competitors for indoor applications [12]. 
 The operation mechanism of the DSSCs is different from that of the conventional 
p-n junction solar cells such as silicon and compounds. Figures 1.4 and 1.5 present a 
schematic overview and energy level diagram of the DSSCs, respectively. As shown in 
Figure 1.4, the basic configuration of the DSSCs includes four components, namely: (1) 
a mesoporous oxide layer such as TiO2 nanoparticles that have been sintered together to 
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establish electronic conduction, (2) dye molecules with high extinction coefficients to 
sensitize the mesoporous oxide layer, (3) redox couples such as I-/I3
- to transfer electrons 
and holes between the dye and cathode in the electrolyte, and (4) the electrodes on the 
glass coated with fluorine-doped tin oxide (FTO). For power generation, as shown in path 
0 in Figure 1.5, the dye-sensitizer adsorbed on the surface of the mesoporous oxide layer 
absorbs the incident light. In path 2, the excited electron is injected into the conduction 
band of the mesoporous oxide layer from the dye. The oxidized dye is restored to its 
ground state by electron transfer from the electrolyte containing the I-/I3
- redox system 
(path 3, 4, and 7). Thus, the voltage of the DSSCs corresponds to the potential energy 
difference between the Fermi level of the mesoporous oxide layer and the redox potential 
of the electrolyte. On the other hand, the energy loss processes are indicated by paths 1, 
5, and 6 in Figure 1.5: path 1 indicates a direct recombination process of the excited dye 
molecule according to its excited-state lifetime, while paths 5 and 6 indicate the 
recombination of the injected electrons in the mesoporous oxide layer with the oxidized 
dye or redox couple. 
 
Figure 1.4. Schematic overview of a DSSC [12]. 




 As mentioned above, in order to generate the carrier electrons and current, the 
dye has to efficiently absorb the incident light in the visible and near infrared regions, 
rather than the mesoporous oxide layer such as TiO2, which can only harvest the 
ultraviolet light because of its large band gap. Therefore, various dyes including 
organometallic compounds and metal-free organic molecules have been designed to 
improve the power conversion efficiency of the DSSCs [13,14]. Considering the dye 
sensitizers, polypyridyl Ru complexes such as N3 (see Scheme 1.1) have exhibited high 
power conversion efficiency, because the dye satisfies the following crucial conditions in 
DSSCs [12]: (1) the absorption spectrum not only covers the whole visible region but also 
a part of the near-infrared region, (2) the sensitizers contain anchoring groups (i.e., -
COOH) in the polypyridyl ligands to strongly bind the dye onto the mesoporous 
semiconductor surface, (3) the excited state level of the sensitizer has higher energy than 
the conduction band level of the semiconductor, (4) the oxidized state level of the 
Figure 1.5. Energy-level diagram for a DSSC. The basic electron transfer processes 
are indicated by paths (1-7). The potentials for a DSSC based on the dye-sensitizer, 
TiO2, and the I
-/I3
- redox couple are shown [12]. 
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sensitizer is more positive than the redox potential of the electrolyte, and (5) the sensitizer 
exhibits photo, electrochemical, and thermal stability. 
 
 
 However, the power conversion efficiency of the existing DSSCs (~12%) is 
lower than that of the conventional solar cells (27% for silicon, see Figure 1.2), and is not 
sufficient for practical utility. Therefore, to improve the photovoltaic performance, 
methods are required that can extend the absorption of the dye sensitizers to longer 
wavelengths; hence, the present thesis focuses on the analysis and design of polypyridyl 
Ru complexes for DSSCs. Chapter 2 presents the theoretical investigation of the highly 
efficient light absorption in the long wavelength region through spin-forbidden transitions. 
Furthermore, novel metal complex dyes are designed to improve the performance of the 
DSSCs through efficient light absorption by spin-forbidden transitions. 
1.3 Perovskite Solar Cells 
 Generally, perovskite compounds are represented by the chemical formula ABX3, 
where A and B are larger and smaller cations, respectively, and the X is an anion. These 
were first discovered as a calcium titanate (CaTiO3) mineral by G. Rose in 1839 and have 
Scheme 1.1. Molecular structure of N3 dye [11]. 
Shohei Kanno                                 Tokyo Metropolitan University, Japan 
１０ 
 
been named after L. Perovski [15]. Since then, the word “perovskite” has been used to 
describe a crystal structure, which is similar to that of CaTiO3 (see Figure 1.6). Their 
stability and probable structure can be estimated by considering their tolerance factor 𝑇𝐹 








     (1.3). 
Where 𝑟A, 𝑟B, and 𝑟X are the ionic radii of A, B, and X, respectively. Normally, the 𝑇𝐹 
and 𝑂𝐹  values lie in the range of 0.81.1 and <0.4 , respectively, for perovskite 
compounds. Using the 𝑇𝐹  and 𝑂𝐹  values as the indexes, perovskites of various 
compositions have been synthesized via substitutions for the A-, B-, and X-sites; these 
compositions have been actively investigated, and the results showed that many physical 
properties of perovskites depend on their crystal and electronic structures. Today, the 
perovskite compounds have been applied to many research areas owing to their excellent 
magnetic, dielectric, optical functional, and other properties [17]. 
 
Figure 1.6. Crystal structure of cubic-phase perovskite of general formula ABX3 [18]. 
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 In 2009, Miyasaka and coworkers pioneered the first PSCs based on an 
organicinorganic hybrid perovskite [19]. In these PSCs, methylammonium lead halide 
(MAPbX3, X = Br or I) was used as a photovoltaic semiconductor. Amazingly, the power 
conversion efficiency was dramatically increased from 3.8% reported by Miyasaka in 
2009 to 25.2% in 2019 (see Figure 1.2) with some breakthroughs such as optimization of 
the hole transport material [20,21] and a paradigm shift in the charge transport mechanism 
from dye-sensitized to p-i-n junction architecture [22]. Figure 1.7 shows the recent PSC 
architecture: perovskites such as MAPbI3 are deposited on a TiO2 layer, which itself sits 
on a glass substrate. A hole transport material (HTM) such as spiro-MeOTAD [21] is 
added on the perovskite before adding a Au (or Ag) electrode. The fabrication techniques 
for the cell are also simple: a low-temperature liquid-phase synthesis method is popularly 
used for the thin-film deposition of the PSCs, owing to its obvious simplicity [19]. Thus, 




Figure 1.7. Architecture of PSCs. The incident light enters at the glass [23]. 
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 During the operation of the PSCs, the incident light is absorbed by the perovskite 
crystals, which function as photovoltaic semiconductors. Therefore, a high power 
conversion efficiency can be ascribed to the remarkable optoelectronic properties of the 
hybrid lead halide perovskites, namely their suitable band gaps for solar light absorption 
[24], very small exciton binding energies [25], and long carrier diffusion lengths [26]. To 
investigate these features, the electronic structure of the MAPbI3 was investigated using 
theoretical calculations. For instance, Umebashi and coworkers reported that only the lead 
and iodide orbitals contribute to the states close to the band edges [27]: as shown in Figure 
1.8, the lead atom has an occupied 6s-orbital whose electrons strongly interact with the 
iodide 5p-orbital forming an antibonding state at the valence band maximum; the 
antibonding lead 6p-orbital and iodide 5p-orbital states together constitute the conduction 
band minimum. Considering the nature of the band gap, various hybrid perovskite 
compositions have been examined to tune the valence and conduction band levels by 
substituting the A-, B-, and X-sites (e.g., the band gaps of MAPbI3, MAPbBr3, and CsSnI3 
are 1.5, 2.2, and 1.3 eV, respectively. See Figure 1.9.) [28]. 
Figure 1.8. Bonding diagram of a [PbI6]
−4 cluster, representing the perovskite MAPbI3 
[27]. 




 To investigate the exciton binding energy and carrier diffusion lengths, it has 
been suggested that these properties might correlate to the reorientation of the organic 
cations with the electric dipole moment, which contributes to the high dielectric constant 
in the low-frequency region [29,30]. Furthermore, Zhu et al. have indicated that a liquid-
like reorientational motion of the organic cation protects the energetic charge carriers in 
the hybrid perovskites through screening at a sufficiently fast timescale to compete with 
carrier cooling by optical phonon scattering [31]. Thus, experimental and theoretical 
investigations are required to probe the rotational dynamics of organic cations in hybrid 
perovskites. 
 On the other hand, the toxicity of lead-based hybrid perovskites is a serious 
obstacle to their practical application [32]. To avoid this, lead-free hybrid perovskites with 
high photovoltaic performance are required. In this thesis, Chapter 3 presents a detailed 
investigation on the potential energy surfaces for the rotations of the organic cations in 
the hybrid perovskites using first-principle calculations, and Chapter 4 demonstrates a 
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high-throughput material search based on materials informatics to identify novel lead-
free perovskites. 
1.4 Water-Splitting Photocatalysts 
 In 1972, A. Fujishima and K. Honda discovered that TiO2 functions as a 
heterogeneous catalyst to split water into hydrogen and oxygen under ultraviolet light 
illumination in a photoelectrochemical cell, as shown in Figure 1.10 [33]. This water-
splitting reaction, known as the Honda–Fujishima effect, has suddenly captured 
significant attention as a renewable method for generating chemical energy of hydrogen 
from solar energy: 
2H2O 
ℎ𝜈
→  2H2  +  O2    (1.4). 
Hydrogen economy refers to the use of hydrogen, which is an excellent energy carrier, as 
a low-carbon energy source [34]. Thus, the water-splitting photocatalysts are of great 
significance in terms of obtaining hydrogen from the abundant supply of water and 
sunlight available worldwide. 
Figure 1.10. Honda–Fujishima effect: water splitting using a TiO2 photoelectrode 
[35]. 
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 However, their practical utility is limited because the efficiency of the existing 
photocatalysts remains low. Therefore, the recent development of various semiconducting 
photocatalysts such as oxides [36], (oxy)nitrides [37], (oxy)sulfides [38], and 
(oxy)halides [39] has been directed toward efficiency improvement. Furthermore, a 
deeper understanding of the photocatalytic reaction mechanism is indispensable for the 
development of novel photocatalysts. Figure 1.11 shows the main processes involved in 
a photocatalytic reaction. The first step (i) involves light absorption and separation of 
excitons into electrons and holes. Generally, heterogeneous photocatalysts exhibit 
semiconductor properties, and the semiconductors must have a band gap of width suitable 
for a redox reaction of water, as shown Figure 1.12. The required conditions are that the 
conduction band level must be more negative than the redox potential of H+/H2 (0 V vs. 
normal hydrogen electrode, NHE), and the valence band level must be more positive than 
the redox potential of O2/H2O (1.23 V vs. NHE). The second step (ii) as shown in Figure 
1.11 involves charge migration of electrons and holes into active sites on the surface of 
the photocatalyst. The final step (iii) involves the surface chemical reactions. The 
important conditions for this step are surface character (active sites) and quantity (surface 
area) [35]. The photocatalytic water-splitting reaction occurs only when the 
abovementioned three steps are simultaneously accomplished. Thus, a comprehensive 
understanding of the bulk and surface properties are required for the development of 
highly active photocatalysts. Besides, detailed analyses of the band gap, crystal orbitals, 
carrier effective mass, and surface electronic state using theoretical calculations are 
necessary to understand the abovementioned properties. 
 




 In the present thesis, Chapter 5 focuses on charge carrier migration in layered 
oxyhalide, i.e., SrxPb1-xBiO2Cl (x = 0–1), solid solutions [40], which have recently been 
reported to efficiently oxidize water into oxygen under visible light irradiation. Their 
photocatalytic activity exhibits a strong correlation with carrier mobility. Thus, the 
process of charge carrier migration can be a rate-determining step for a water-splitting 
reaction for the oxyhalide solid solutions, and therefore, theoretical calculations are 
required to understand the carrier mobility. The chapter presents a detailed analysis of the 
charge carrier effective mass and the nature of the valence and conduction bands in the 
oxyhalide solid solutions using density functional theory calculations. This analysis 
facilitates a material design method for novel oxyhalide photocatalysts with higher carrier 
Figure 1.11. Main processes in photocatalytic water splitting [35]. 
Figure 1.12. Principle of water splitting using semiconductor photocatalysts [35]. 
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Chapter 2. Theoretical Design of Spin-forbidden Transitions 
for Polypyridyl Metal Complexes 
2.1 Introduction 
 Dye-sensitized Solar Cells (DSSCs) have attracted significant attention as a next 
generation solar cell architecture because of fascinating characteristics such as low-
manufacturing cost, electricity generation under low illumination and flexibility. In 
DSSCs, a wide variety of dye molecules, including Ru complexes, were synthesized and 
examined as sensitizers in order to enhance light absorption, especially in the long 
wavelength region, and to increase photoelectric conversion efficiencies [1–4]. The Ru 
complexes, including  ([Ru(4,4’,4’’-COOH-2,2’;6,2’’-tpy)(NCS)3)]), commonly called 
“black dye” (BD) [2,3], and N3 (cis-[Ru(4,4’-COOH-2,2’-bpy)2(NCS)2]) [4], have been 
widely used for DSSCs due to their efficient absorption of visible light. The typical 
absorption band edge, which is assigned to a metal-to-ligand charge transfer transition 
from a singlet ground state to a singlet excited state (1MLCT), appears around 700 nm, 
and demonstrates photoelectric conversion efficiencies in excess of 10% [2–4]. However, 
the long wavelength absorption band may not be available for DSSCs because intersystem 
crossing from singlet to lower triplet excited states (3MLCT) makes electron transfer from 
Ru complexes to oxide semiconductors impossible in the case where the Fermi level of 
the oxide semiconductor is higher than the energy level of the 3MLCT state. Consequently, 
the drawback hinders the rise of photoelectric conversion efficiencies in terms of electric 
current. 
 The energy lost by relaxation from 1MLCT state to the corresponding triplet 
3MLCT state through intersystem crossing is also an important factor for the enhancement 
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of the energy conversion efficiency in terms of electric voltage. In addition to intersystem 
crossing, the lifetime of the singlet excited state is also a critical issue. The lifetime of 
singlet excited states is ~100 fs for typical Ru dyes, which is comparable to the time scale 
of intersystem crossing [5]. Therefore, nearly half of excited electrons recombine before 
injection into oxide semiconductors. 
 To overcome the above difficulties, a new approach is required. In recent years, 
Kinoshita and coworkers have reported a novel highly efficient dye (trans-
[RuCl2(phenyldimethoxyphosphine)(4,4’,4’’-COOH-2,2’;6’,2’’-tpy)]), DX1 [6,7], 
whose geometry is based on BD with a phosphorous-containing ligand: The superior 
feature of DX1 is that the absorption peak in the longest wavelength region is assigned to 
a spin-forbidden transition, which arises from the strong spin-orbit (SO) interaction. The 
advantages of spin-forbidden transitions are three-fold: (1) The redshift of the excitation 
energy that enables the absorption band to extend into the near infrared region (nearly 
900 nm) is advantageous for large current. (2) The lack of intersystem crossing enhances 
electric voltage and (3) reduces recombination between singlet excited and ground states 
by direct transition to triplet excited state. 
 In this study we theoretically explore new polypyridyl metal dyes with strong 
spin-forbidden transitions. In particular, N3- and DX1-based new dyes are examined 
using time-dependent density functional theory with SO interaction (SO-TDDFT) [8–10]. 
Our previous study on the Ru- and Os-complexes [11,12] and other researches [13–16] 
assure that SO-TDDFT with the SO interaction can describe spin-forbidden transitions 
with reasonable cost and accuracy. The specific purposes of this paper are (1) elucidation 
of the difference in absorption spectra between DX1 and N3 dyes, (2) investigating the 
possibility of spin-forbidden transitions for N3- and DX1-skeleton Ru dyes with halogen 
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ligands (Cl-, Br-, and I-), and (3) exploring the possibility of spin-forbidden transitions for 
DX1-based Fe complex (Scheme 2.1). 
 
 
 In addition to redshift of the excitation energy, enhancement of the oscillator 
strength in the near-infrared region is also an important factor to increase the energy 
(a) (b) (c) 
(d) (e) 
Scheme 2.1. Molecular geometries of (a) cis-[Ru(4,4’-COOH-2,2’-bpy)2(NCS)2],  
(b) trans-[RuCl2(phenyldimethoxyphosphine)(4,4’,4’’-COOH-2,2’;6’,2’’-tpy)], (c) 
cis-[Ru(4,4’-COOH-2,2’-bpy)2(X)2], (X = Cl, Br, and I), (d) trans-
[RuX2(phenyldimethoxyphosphine)(4,4’,4’’-COOH-2,2’;6’,2’’-tpy)], (X = Br and I) 
and (e) trans-[FeX2(phenyldimethoxyphosphine)(4,4’,4’’-COOH-2,2’;6’,2’’-tpy)], (X 
= Cl, Br, and I). 
Shohei Kanno                                 Tokyo Metropolitan University, Japan 
２３ 
 
conversion efficiency in terms of short circuit current. Recently, Arakawa et al. have 
reported the enhancement of oscillator strength by introduction of a hexylthiophene unit 
into a terpyridine ligand of BD sensitizer [17]. In this study, we theoretical examined a 
novel N3-based sensitizer having thienyl units at the bipyridine ligands, thienyl-N3-I 
(Scheme 2.2), and enhancement of the oscillator strength of the spin-forbidden transition 
in the absorption edge. 
 
 
2.2 Computational Details 
 Quantum chemical calculations were carried out for polypyridyl metal 
complexes. Excitation energies were estimated by the perturbative spin-orbit coupling 
approach [18]17 with a relativistic Hamiltonian based on the zero-order regular 
approximation (ZORA) [19–23]18-22 with the PBE1PBE exchange correlation functional 
Scheme 2.2. Molecular geometry of thienyl-N3-I. 
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[24],23 as implemented in the Amsterdam density functional program package (ADF 
2014) [25]. 24 The scalar relativistic effect is considered by ZORA. ZORA triple-zeta + 
polarized (TZP) 25 for Ru, I and Fe and ZORA double-zeta + polarized (DZP)25 for H, C, 
N, O, P, S, Cl and Br were used as basis sets [26]. The solvation effect was taken into 
account using the conductor-like screening model (COSMO)26-29 for acetonitrile [27–30]. 
For comparison, we carried out scalar relativistic (SR) TDDFT calculations with the spin-
free ZORA Hamiltonian. Geometrical parameters were optimized by non-relativistic DFT 
calculations with the PBE1PBE functional including the solvation effect by the 
polarizable continuum model (PCM)30 for acetonitrile [31], using GAUSSIAN09 
program package [32].31 The basis sets used were the LanL2DZ basis set [33]32 for Ru, I 
and Fe and the 6-31G** basis set [34]33 for H, C, N, O, P, S, Cl and Br atoms. 
2.3 Results and Discussion 
2.3.1 Comparison of electronic structure and absorption spectra between DX1 and 
N3 dyes 
First, we compare the electronic structures of DX1 and N3 dyes. The frontier 
orbitals of DX1 and N3 are shown in Figure 2.1. The orbitals and their characters are 
drawn and given in Figure 2.1 and Table 2.1, respectively. For both dyes, Ru t2g orbitals 
are main components for the highest occupied molecular orbital (HOMO), HOMO-1 and 
HOMO-2. The orbital energy differences between HOMO and lowest unoccupied 
molecular orbital (LUMO) are nearly the same for N3 and DX1: the energy differences 
between DX1 and N3 is 2.89 and 2.92 eV. On the other hand, the contributions of Ru t2g 
orbitals in high-lying occupied MOs, are 40% at most for N3 and over 60% for DX1, 
which indicates that the electron density on Ru in DX1 is larger than that of N3. Regarding 
low-lying unoccupied orbitals, including LUMO and LUMO+1 for both molecules, π* 
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orbitals of pyridyl ligands are dominant. Therefore, the low-lying excitations are likely 








Figure 2.1. Frontier orbitals of DX1 (left) and N3 (right) in acetonitrile solution 
calculated by SR-DFT with PBE1PBE. The given energies are the orbital energies. 
White, gray, blue, red, orange, yellow, green and pink spheres represent H, C, N, O, P, 
S, Cl and Ru atoms, respectively. 
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Table 2.1. Characters of frontier orbitals of DX1 and N3. 
Molecules Orbital Ru character Ligand character 
DX1 HOMO dyz:17%, dxz:48% px:17%, py:6% 
HOMO-1 dyz:43%, dxz:14% px:8%, py:23% 
LUMO dyz:3%, dxz:2%, pz:1% 0% 
LUMO+1 dyz:1%, dxz:3% 0% 
N3 HOMO dx2-y2:12%, dz2:28% 45% 
HOMO-1 dyz:29%, dxz:9% 52% 
HOMO-2 dxy:18%, dx2-y2:14%, dz2:1% 56% 
LUMO dyz:3% 0% 
LUMO+1 dxy:4%, dz:2% 0% 
 
Figure 2.2 illustrates SR- and SO-TDDFT simulated spectra of DX1 and N3 with 
solvent effects applied for acetonitrile. Table 2.2 lists assignments of the absorption peaks 
calculated by SR-TDDFT and SO-TDDFT for DX1 and N3. The important absorption 
peaks are analyzed in more details in Figure 2.3. It is noted that the methodology SO-
TDDFT reasonably reproduces experimental spectra for N3 [35]34 and DX1 [6]6 as 
confirmed in Figure 2.4 and 2.5. The absorption spectrum of DX1 calculated by SO-
TDDFT is consistent with experimental one; especially, the experimental absorption edge 
is well reproduced in the important long wavelength region. The theoretical spectra of N3 
is also in reasonable agreement with experimental one. The comparison assures that the 
current methodology SO-TDDFT enables us to discuss performances of new dye 
sensitizers. For DX1, the absorption peaks assigned to four excited states of S1 (HOMO 
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→ LUMO), S2 (HOMO-1 → LUMO), T1 (HOMO → LUMO) and T2 (HOMO-1 → 
LUMO) appear at 1.82, 2.16, 1.69 and 1.85 eV with the oscillator strengths f = 0.077, 
0.031, 0.000 and 0.000 for SR-TDDFT. The oscillator strength for S1 is larger than that 
for S2. Here, the oscillator strengths of the singlet-to-triplet transition T1 and T2 are zero 
in the SR-TDDFT, because of the spin symmetry. SO-TDDFT, with the SO interaction, 
yields ST3 and ST11 through the SO interaction between S2 and T1, and yields ST4 and 
ST7 through the SO interaction between S1 and T2. The excitation energies assigned to 
ST3, ST4, ST7, and ST11, are 1.68, 1.77, 1.89 and 2.15 eV, respectively. As shown in Figure 
2.2, the lowest peak of ST3 cannot be virtually seen in the long wavelength region because 
of the significantly small oscillator strength (f = 0.001). The second lowest peak, ST4, has 
a larger oscillator strength (f = 0.047) and is major in the long wavelength region. The 
ST4 state consists of the 61% of S1 and 37% of T2. The strong mixture between S1 and T2 
states can be explained by the following spin-forbidden transition oscillator strength 𝑓ST 
based on perturbation theory [6]6: 
𝑓ST =  
|⟨𝛹S|𝐻SO|𝛹T⟩|
2
(𝐸T −  𝐸S)2
 𝑓S,           (2.1) 
where 𝛹S and 𝛹T are the wavefunctions of the singlet and triplet excited states, 𝐻SO 
is the spin-orbit coupling (SOC) matrix element between singlet and triplet states, 𝐸S 
and 𝐸T  are the energies of the singlet and triplet excited states, and 𝑓S  is the spin-
allowed transition oscillator strength. Since the energy difference between the excitation 
energies for S1 and T2 is 0.03 eV, the ST4 state has a large oscillator strength and can be 
explained by Eq. (2.1). These analyses are consistent with previous reports [8,15].8, 15 The 
other peaks, except the lowest-lying absorption peaks, do not shift significantly by the SO 
interaction, as confirmed in Figure 2.2.  







Figure 2.2. Absorption spectra of DX1 and N3 in acetonitrile solution. (a) SR-TDDFT 
(blue line) and SO-TDDFT (red line) spectrum of DX1. (b) SR-TDDFT (blue line) 
and SO-TDDFT (red line) spectrum of N3. Triplet excitation energies are given as 
solid blue spheres. All of the spectra are interpolated using Gaussian functions with σ 
= 0.05 eV. 





Figure 2.3. Excitation energies of DX1 and N3 in acetonitrile solution. (a) Excitation 
energies of DX1 calculated by SR-TDDFT (left and right side) and SO-TDDFT 
(center). (b) Excitation energies of N3 calculated by SR-TDDFT (left and right side) 
and SO-TDDFT (center). 







Figure 2.4. Absorption spectra of DX1 in ethanol solution. (a) Experimental 
absorption spectra at room temperature (broken line) and 77 K (red line). (b) SR-
TDDFT (blue line) and SO-TDDFT (red line) spectrum interpolated using the 
Lorentzian function with half width at half maximum = 0.08 eV. 






Figure 2.5. Absorption spectra of N3 in acetonitrile solution. (a) Experimental 
absorption spectra at room temperature (black line). (b) SR-TDDFT (blue line) and 
SO-TDDFT (red line) spectrum interpolated using the Lorentzian function with half 
width at half maximum = 0.15 eV. 
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Table 2.2. Assignments of absorption spectra of DX1 and N3 calculated by SO-TDDFT and SR-TDDFT. Excitation energies, oscillator 
strengths, and contributions of SR states in states calculated by SO-TDDFT are given, respectively. 
Molecules Perturbative SOC transitions SR transition contributions 
 States (eV) f (%) States (eV) f Compositions 
DX1 ST3 1.68 0.001 1 S2 2.14 0.031 77% HOMO-1→LUMO 
21% HOMO→LUMO+1 
98 T1 1.69 0.000 98% HOMO→LUMO 
ST4 1.77 0.047 61 S1 1.82 0.077 98% HOMO→LUMO 
37 T2 1.85 0.000 96% HOMO-1→LUMO 
ST7 1.89 0.029 38 S1 1.82 0.077 98% HOMO→LUMO 
62 T2 1.85 0.000 96% HOMO-1→LUMO 
ST11 2.15 0.023 75 S2 2.14 0.031 77% HOMO-1→LUMO 
21% HOMO→LUMO+1 
2 T1 1.69 0.000 98% HOMO→LUMO 
N3 ST7 2.02 0.067 85 S1 2.04 0.078 95% HOMO→LUMO 
8 T3 2.15 0.000 56% HOMO-1→LUMO 
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Molecules Perturbative SOC transitions SR transition contributions 
 States (eV) f (%) States (eV) f Compositions 
33% HOMO-2→LUMO+1 
2 T4 2.17 0.000 68% HOMO-1→LUMO+1 
23% HOMO-2→LUMO 
ST9 2.15 0.004 5 S1 2.04 0.078 95% HOMO→LUMO 
74 T3 2.15 0.000 56% HOMO-1→LUMO 
33% HOMO-2→LUMO+1 
15 T4 2.17 0.000 68% HOMO-1→LUMO+1 
23% HOMO-2→LUMO 
ST13 2.18 0.006 7 S1 2.04 0.078 95% HOMO→LUMO 
14 T3 2.15 0.000 56% HOMO-1→LUMO 
33% HOMO-2→LUMO+1 
72 T4 2.17 0.000 68% HOMO-1→LUMO+1 
23% HOMO-2→LUMO 
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 For N3, three important absorption peaks are obtained in SR-TDDFT: transitions 
from a singlet ground state (S0) to a singlet excited state (S1) and two triplet excited states 
(T3 and T4) in the long wavelength region. The main configuration of the S1 state is 
HOMO → LUMO, whereas those of the T3 and T4 states are HOMO-1 → LUMO and 
HOMO-2 → LUMO, respectively. The excitation peaks for S1, T3 and T4 appear at 2.04, 
2.15 and 2.17 eV with the oscillator strengths f = 0.078, 0.000 and 0.000. Considering the 
SO interaction by SO-TDDFT, three excited states in the long wavelength region, ST7, 
ST9 and ST13, whose excitation energies are 2.02, 2.15 and 2.18 eV, are obtained through 
the interactions between the S1, T3 and T4 states. The longest wavelength peak assigned 
to ST7 has a large oscillator strength and is supposed to be a spin-allowed transition 
because the main component in ST7 is the singlet state, S1. As shown in Figure 2.2, the 
other long wavelength peaks of ST9 and ST13 cannot be confirmed in the spectrum owing 
to the small amplitudes of 0.004 and 0.006, respectively. The second lowest identifiable 
absorption peak by SO-TDDFT, which corresponds to the singlet transition excitation at 
2.09 eV in SR-TDDFT, is observed at 2.06 eV. In comparison with the SR-TDDFT 
absorption spectrum, no obvious new peaks in the long wavelength region in SO-TDDFT 
lead us to the conclusion that spin-forbidden transitions do not occur. Since the SO-
TDDFT calculated spectra is significantly similar to that of SR-TDDFT, the SO 
interaction is relatively small. 
2.3.2 Electronic structure and absorption spectra of N3-based Ru complexes with 
halogen ligands 
Next, we explore the possibility of spin-forbidden transitions for N3-based Ru 
dyes with three different halogen ligands: Cl-, Br-, and I- instead of the original NCS- 
ligand. The frontier orbitals and their components for cis-[Ru(4,4’-COOH-2,2’-
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bpy)2(X)2] (X = Cl, Br, and I), abbreviated as N3-Ru-Cl, N3-Ru-Br, N3-Ru-I, are given 
in Figure 2.6 and Table 2.3. The energy difference between HOMO and LUMO for N3-
Ru-I is 3.04 eV, which is smaller than that of N3-Ru-Br and N3-Ru-Cl: 3.10 and 3.06 eV. 
For all halogen ligands, HOMO, HOMO-1 and HOMO-2 are mainly composed of Ru t2g 
orbitals, and LUMO and LUMO+1 are mainly composed of bipyridyl 𝜋 * orbital. 
Therefore, the low-lying excitations are ascribed to MLCT transitions from t2g orbitals to 
𝜋* orbital, and the efficient electron injection into electrodes can be expected similarly to 
conventional dyes. However, the contribution of Ru t2g orbitals in high lying occupied 
orbitals varies with respect to the type of halogen. The contributions decrease as the 
halogen atomic number increases. For example, the contributions of Ru d orbitals for N3-
Ru-Cl are 65%, 71% and 68% in HOMO, HOMO-1 and HOMO-2, whereas those for N3-
Ru-I are 53%, 49% and 38%. In contrast to this trend, the contributions of halogen p 
orbitals in HOMO, HOMO-1 and HOMO-2 increase as the halogen ligand becomes 
heavier: For example, the contributions of Cl p orbitals are 17%, 14% and 19% in HOMO, 
HOMO-1 and HOMO-2, whereas those of I are 38%, 43% and 53%. Since Ru d orbitals 
usually play a major role in SO interaction, it seems that the SO effects may be larger for 











Table 2.3. Characters of frontier orbitals of N3-Ru-X (X = Cl, Br, and I). 
Molecules Orbital Ru character Halogen character 
N3-Ru-Cl HOMO dx2-y2:22%, dz2:43% px:7%, pz:10% 
HOMO-1 dyz:63%, dxz:8% py:14% 
HOMO-2 dxy:55%, dx2-y2:8%, dz2:5% py:18%, pz:1% 
LUMO dyz:3% 0% 
LUMO+1 dxy:4%, dz2:5% 0% 
N3-Ru-Br HOMO dx2-y2:21%, dz2:40% px:9%, pz:15% 
HOMO-1 dyz:49%, dxz:15% px:3%, py:20% 
Figure 2.6. Frontier orbitals of N3-Ru-X (X = Cl, Br, and I) in acetonitrile solution 
calculated by SR-DFT with PBE1PBE. The given energies are the orbital energies. 
White, gray, blue, red, green, brown, purple and pink spheres represent H, C, N, O, 
Cl, Br, I and Ru atoms, respectively. 
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Molecules Orbital Ru character Halogen character 
HOMO-2 dxy:32%, dx2-y2:20%, dz2:5% py:27%, pz:2% 
LUMO dyz:3%, dxz:1% 0% 
LUMO+1 dxy:4%, dz2:5% 0% 
N3-Ru-I HOMO dxy:5%, dx2-y2:15%, dz2:33% px:12%, py:5%, pz:21% 
HOMO-1 dyz:46%, dxz:3% px:2%, py:41% 
HOMO-2 dxy:32%, dz2:6% py:48%, pz:5% 
LUMO dyz:3% pz:1% 
LUMO+1 dxy:3%, dz2:5% px:1% 
 
Figure 2.7 shows the absorption spectra of N3-Ru-X (X = Cl, Br, and I) 
calculated by SO-TDDFT with solvent effect for acetonitrile. In terms of the extension of 
absorption bands to the long wavelength region, N3-Ru-I is superior to the other Ru dyes. 
The three lowest excitation energies are 1.98, 2.03 and 2.14 eV for N3-Ru-I, 2.00, 2.04 
and 2.14 eV for N3-Ru-Br, and 2.03, 2.07 and 2.15 eV for N3-Ru-Cl. This indicates that 











To elucidate the mechanism of the redshift of the absorption peaks, we 
investigate the assignments of these absorption spectra and SO effects in N3-Ru-X (X = 
Cl, Br, and I). The assignments of the absorption spectra of three dyes are given in Figure 
2.8 and Table 2.4. For all dyes, the absorption peak assigned to the transition from singlet 
ground state S0 to singlet excitation state S1 (HOMO → LUMO) calculated in SR-TDDFT 
is the lowest: 2.07, 2.05, 2.08 eV with a relatively strong amplitudes (f = 0.073, 0.069 and 
0.058) for X = Cl, Br, and I. In SO-TDDFT calculations, the lowest excited state ST7 is 
composed of the singlet excited S1 and triplet excited states T3 and T4. The energy 
differences between S1 and T3 and S1 and T4 for N3-Ru-I are 0.05 and 0.08 eV, which are 
smaller than those of N3-Ru-Cl (0.07, 0.09 eV) and N3-Ru-Br (0.07, 0.10 eV). Thus the 
energy shifts induced by the SO interaction between these excited states become larger in 
Figure 2.7. Absorption spectra of N3-Ru-X (X = Cl, Br, and I) in acetonitrile solution 
calculated by SO-TDDFT. Green, brown and purple lines and peaks correspond to 
those of N3-Ru-Cl, N3-Ru-Br and N3-Ru-I, respectively. All of the spectra are 
interpolated using Gaussian functions with σ = 0.05 eV. 
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comparison to N3-Ru-Cl and N3-Ru-Br because the denominator in Eq (2.1) become 
small. Although absorption intensities of N3-Ru-I are slightly lower than those of N3-Ru-
Cl and N3-Ru-Br, they seem to be large enough to enhance photo conversion efficiency 
based on the previous research [3,6]. 
 
  
Figure 2.8. Excitation energies of N3-Ru-X (X = Cl, Br, and I) in acetonitrile solution. 
In respective molecules, excited states obtained by SR-TDDFT (left and right side) 
and SO-TDDFT (center) are given, respectively. 
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Table 2.4. Assignments of absorption spectra of N3-Ru-X (X = Cl, Br, and I) calculated by SO-TDDFT and SR-TDDFT. Excitation energies, 
oscillator strengths, and contributions of SR states in states calculated by SO-TDDFT are given, respectively. 
Molecules Perturbative SOC transitions SR transition contributions 
 States (eV) f (%) States (eV) f Compositions 
N3-Ru-Cl ST7 2.03 0.054 74 S1 2.07 0.073 96% HOMO→LUMO 
16 T3 2.14 0.000 59% HOMO-1→LUMO 
35% HOMO-2→LUMO+1 
3 T4 2.16 0.000 76% HOMO-1→LUMO+1 
20% HOMO-2→LUMO 
ST10 2.15 0.004 5 S1 2.07 0.073 96% HOMO→LUMO 
54 T3 2.14 0.000 59% HOMO-1→LUMO 
35% HOMO-2→LUMO+1 
30 T4 2.16 0.000 76% HOMO-1→LUMO+1 
20% HOMO-2→LUMO 
ST13 2.17 0.013 16 S1 2.07 0.073 96% HOMO→LUMO 
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Molecules Perturbative SOC transitions SR transition contributions 
 States (eV) f (%) States (eV) f Compositions 
23 T3 2.14 0.000 59% HOMO-1→LUMO 
35% HOMO-2→LUMO+1 
53 T4 2.16 0.000 76% HOMO-1→LUMO+1 
N3-Ru-Br ST7 2.00 0.049 71 S1 2.05 0.069 96% HOMO→LUMO 
17 T3 2.12 0.000 59% HOMO-1→LUMO 
34% HOMO-2→LUMO+1 
4 T4 2.15 0.000 76% HOMO-1→LUMO+1 
20% HOMO-2→LUMO 
ST10 2.14 0.002 3 S1 2.05 0.069 96% HOMO→LUMO 
55 T3 2.12 0.000 59% HOMO-1→LUMO 
34% HOMO-2→LUMO+1 
30 T4 2.15 0.000 76% HOMO-1→LUMO+1 
20% HOMO-2→LUMO 
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Molecules Perturbative SOC transitions SR transition contributions 
 States (eV) f (%) States (eV) f Compositions 
ST13 2.17 0.014 19 S1 2.05 0.069 96% HOMO→LUMO 
25 T3 2.12 0.000 59% HOMO-1→LUMO 
34% HOMO-2→LUMO+1 
52 T4 2.15 0.000 76% HOMO-1→LUMO+1 
20% HOMO-2→LUMO 
N3-Ru-I ST7 1.98 0.036 60 S1 2.08 0.058 95% HOMO→LUMO 
21 T3 2.13 0.000 62% HOMO-2→LUMO 
26% HOMO-1→LUMO+1 
8 T4 2.16 0.000 67% HOMO-2→LUMO+1 
24% HOMO-1→LUMO 
ST10 2.14 0.005 7 S1 2.08 0.058 95% HOMO→LUMO 
55 T3 2.13 0.000 62% HOMO-2→LUMO 
26% HOMO-1→LUMO+1 
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Molecules Perturbative SOC transitions SR transition contributions 
 States (eV) f (%) States (eV) f Compositions 
20 T4 2.16 0.000 67% HOMO-2→LUMO+1 
24% HOMO-1→LUMO 
ST13 2.18 0.012 17 S1 2.08 0.058 95% HOMO→LUMO 
14 T3 2.13 0.000 62% HOMO-2→LUMO 
26% HOMO-1→LUMO+1 




Shohei Kanno                                 Tokyo Metropolitan University, Japan 
４４ 
 
To clarify the mechanism of the red shifts, we compare the SO effects of DX1 
and N3-Ru-X (X = Cl, Br, and I). For DX1, a new spin-forbidden peak appears in the 
long wavelength region, whereas spin-allowed peaks redshift by the SO interaction for 
N3-Ru-X (X = Cl, Br, and I). This different behavior can be explained by the fact that the 
singlet excited state, which is lower than triplet excited states, is moved to longer 
wavelength through the SO interaction for N3-Ru-X (X = Cl, Br, and I), whereas the 
triplet excited state, which is close to singlet excited states, appears in long wavelength 
through the SO interaction for DX1. 
 Next, we examine the contribution of the numerator in Eq. (2.1). Table 2.5 lists 
the absolute values of SOC matrix elements of two states, (S1, T3) and (S1, T4), for N3-
Ru-X (X = Cl, Br, and I). The SOC matrix elements between S1 and T3 for N3-Ru-Cl and 
N3-Ru-Br and between S1 and T4 for N3-Ru-I are mainly reduced to be the SOC matrix 
element between HOMO and HOMO-1. The matrix elements between S1 and T4 for N3-
Ru-Cl and N3-Ru-Br and between S1 and T3 for N3-Ru-I are between HOMO and 
HOMO-2. The SO interactions gradually increase along the trend X = Cl, Br, and I. For 
example, the values of the SOC matrix elements between S1 and T3 for N3-Ru-X (X = Cl, 
Br, and I) are 0.06, 0.07 and 0.11 eV. This trend is consistent with the above trend of the 
redshift of the absorption peaks induced by the SO interaction. Considering the fact that 
contributions of the Ru t2g orbital in HOMO, HOMO-1, and HOMO-2 are smaller for N3-
Ru-I ligand than those for N3-Ru-Br and N3-Ru-Cl as discussed above, not only Ru t2g 
orbitals, but p orbitals of halogen atoms must  contribute to the SO interaction between 
singlet and triplet excited states. 
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Table 2.5. The absolute values of SOC matrix elements of N3-Ru-X (X = Cl, Br, and I) 
in acetonitrile solution. 
Molecules ⟨𝜳𝐒𝟏|𝑯𝐒𝐎|𝜳𝐓𝟑⟩ / eV ⟨𝜳𝐒𝟏|𝑯𝐒𝐎|𝜳𝐓𝟒⟩ / eV 
N3-Ru-Cl 0.0628 0.0220 
N3-Ru-Br 0.0737 0.0269 
N3-Ru-I 0.1116 0.0463 
 
2.3.3 Electronic structure and absorption spectra of DX1-based Ru complexes with 
halogen ligands 
 Since halogen ligands are capable of strengthening the SO interaction, we 
investigated the effect of introducing halogen ligands for DX1 skeleton dyes: trans-
[RuX2(phenyldimethoxyphosphine)(4,4’,4’’-COOH-2,2’;6’,2’’-tpy)], (X = Br and I), 
abbreviated as DX1-Ru-Br and DX1-Ru-I. Figure 2.9 illustrates the frontier orbitals of 
DX1-Ru-Br and DX1-Ru-I. We confirm that the current methodology of SO-TDDFT 
based on the perturbative approach performs comparable to two-component TDDFT and 
better than SR-TDDFT even for DX1-Ru-I containing two heavy elements of Ru and I in 
Figure 2.10. The contribution of the atomic orbitals are given in Table 2.6. The occupied 
frontier orbitals are composed of Ru t2g and halogen p orbitals, which is similar to the 
case of the N3-based dyes and the original DX1 dye. The similar tendency that the 
contributions of atomic orbitals decrease for Ru t2g molecular orbitals and increase for 
halogen p molecular orbitals as the halogen atomic number increases, is confirmed. 
 
 




Figure 2.9. Frontier orbitals of DX1-Ru-X (X = Br and I) in acetonitrile solution 
calculated by SR-DFT with PBE1PBE. The given energies are the orbital energies. 
White, gray, blue, red, orange, brown, purple and pink spheres represent H, C, N, O, 
P, Br, I and Ru atoms, respectively. 
Figure 2.10. Absorption spectra of DX1-Ru-I in acetonitrile solution calculated by 
SR-TDDFT (blue line), SO-TDDFT (red line) and full two-component theory (green 
line). All spectra are interpolated using Gaussian functions with σ = 0.05 eV. 
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Table 2.6. Characters in frontier orbitals of DX1-Ru-X (X = Br and I). 
Molecules Orbital Ru character Halogen character 
DX1-Ru-Br HOMO dyz:13%, dxz:43% px:24%, py:7 
HOMO-1 dyz:37%, dxz:11% px:10%, py:32 
LUMO dyz:3%, dxz:2%, pz:1% pz:2% 
LUMO+1  dyz:1%, dxz:3% 0% 
DX1-Ru-I HOMO dyz:11%, dxz:36% px:34%, py:11 
HOMO-1 dyz:25%, dxz:8% px:14%, py:46 
LUMO dyz:3%, dxz:2% pz:4% 
LUMO+1 dyz:1%, dxz:3% 0% 
 
 Figure 2.11 shows the absorption spectra of DX1-Ru-Br and DX1-Ru-I 
calculated by SO-TDDFT with an imposed solvent effect for acetonitrile. For comparison, 
the absorption spectrum of DX1 with the Cl- ligand, original DX1 (DX1-Ru-Cl), is also 
shown. The absorption edge is shifted to longer wavelengths with increasing halogen 
atomic number: For DX1-Ru-Br, the two absorption peaks appear at 1.72 and 1.89 eV in 
the long wavelength region, whereas for DX1-Ru-I, the three absorption peaks appear at 









 Figure 2.12 and Table 2.7 show the assignments of the above absorption peaks. 
For all dyes, four excited states calculated by SR-TDDFT in the long wavelength region, 
i.e., two singlet excited states S1 (HOMO → LUMO) and S2 (HOMO-1 → LUMO) and 
two triplet exited states T1 (HOMO → LUMO) and T2 (HOMO-1 → LUMO) are involved 
in the low-lying excited states obtained by SO-TDDFT. The absorption peaks of S1, S2, 
T1 and T2 appear at 1.80, 2.10, 1.68 and 1.82 eV with f = 0.068, 0.028, 0.000 and 0.000 
for DX1-Ru-Br, whereas the same peaks for DX1-Ru-I appear at 1.84, 2.07, 1.73 and 1.85 
eV with f = 0.061, 0.025, 0.000 and 0.000. The energy differences between singlet and 
triplet excited states do not exhibit a halogen dependence. Therefore, the energy 
difference, namely, the denominator in Eq. (2.1), is not a main factor for the trend of 
redshift of ST4 with increasing halogen atomic number. 
Figure 2.11. Absorption spectra of DX1-Ru-X (X = Cl, Br, and I) in acetonitrile 
solution calculated by SO-TDDFT. Green, brown and purple lines and peaks 
correspond to those of DX1-Ru-Cl, DX1-Ru-Br and DX1-Ru-I, respectively. All of 
the spectra are interpolated using Gaussian functions with σ = 0.05 eV. 




Figure 2.12. Excitation energies of DX1-Ru-X (X = Br and I) in acetonitrile solution. 
In respective molecules, excited states obtained by SR-TDDFT (left and right side) 
and SO-TDDFT (center) are given, respectively. 
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Table 2.7. Assignments of absorption spectra of DX1-Ru-X (X = Br and I) calculated by SO-TDDFT and SR-TDDFT. Excitation energies, 
oscillator strengths, and contributions of SR states in states calculated by SO-TDDFT are given, respectively. 
Molecules Perturbative SOC transitions SR transition contributions 
 States (eV) f (%) States (eV) f Compositions 
DX1-Ru-Br ST3 1.66 0.001 3 S2 2.10 0.028 82% HOMO-1→LUMO 
16% HOMO→LUMO+1 
95 T1 1.68 0.000 97% HOMO→LUMO 
ST4 1.72 0.038 55 S1 1.80 0.068 98% HOMO→LUMO 
43 T2 1.82 0.000 96% HOMO-1→LUMO 
ST7 1.89 0.029 43 S1 1.80 0.068 98% HOMO→LUMO 
43 T2 1.82 0.000 96% HOMO-1→LUMO 
ST10 2.10 0.018 65 S2 2.10 0.028 82% HOMO-1→LUMO 
16% HOMO→LUMO+1 
3 T1 1.68 0.000 97% HOMO→LUMO 
DX1-Ru-I ST3 1.66 0.008 10 S2 2.07 0.025 89% HOMO-1→LUMO 
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Molecules Perturbative SOC transitions SR transition contributions 
 States (eV) f (%) States (eV) f Compositions 
8% HOMO→LUMO+1 
76 T1 1.73 0.000 95% HOMO→LUMO 
ST4 1.69 0.026 41 S1 1.84 0.061 97% HOMO→LUMO 
45 T2 1.85 0.000 94% HOMO-1→LUMO 
ST7 1.99 0.026 42 S1 1.84 0.061 97% HOMO→LUMO 
37 T2 1.85 0.000 94% HOMO-1→LUMO 
ST10 2.10 0.019 65 S2 2.07 0.025 89% HOMO-1→LUMO 
8% HOMO→LUMO+1 
10 T1 1.73 0.000 95% HOMO→LUMO 
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 Next, we examined SOC matrix elements, namely, the numerator in Eq. (2.1), in 
order to explain the redshift of absorption edge. Table 2.8 lists the absolute values of SOC 
matrix elements for DX1-Ru-Br and DX1-Ru-I. The SOC matrix elements of two states 
of (S1 and T2) or (S2 and T1) are mainly reduced to the SO interactions between HOMO 
and HOMO-1. Accordingly the values of SOC matrix elements between S1 and T2 are 
similar to each other. The values of the SOC matrix elements for DX1-based dyes increase 
more rapidly than those for N3-based dyes with respect to halogens. In particular, the 
SOC matrix element exceeds 0.15 eV for DX1-Ru-I. Analysis of the SOC matrix elements 
reveals that the dominant factor for the redshift seem to be a strong SOC matrix element 
for DX1-Ru-I. The origin of the SO interaction can not only be Ru metal, but also iodine, 
which is informative in terms of designing spin-forbidden transitions. 
 
Table 2.8. The absolute values of SOC matrix elements of DX1-Ru-X (X = Cl, Br, and I) 
in acetonitrile solution. 
Molecules ⟨𝜳𝐒𝟏|𝑯𝐒𝐎|𝜳𝐓𝟐⟩ / eV ⟨𝜳𝐒𝟐|𝑯𝐒𝐎|𝜳𝐓𝟏⟩ / eV 
DX1-Ru-Cl (original DX1) 0.0584 0.0555 
DX1-Ru-Br 0.0899 0.0872 
DX1-Ru-I 0.1516 0.1520 
 
2.3.4 Electronic structure and absorption spectra of DX1-based Fe complexes with 
halogen ligands 
 Ru complexes have been often used as a sensitizer because of their high 
efficiency and stability. However, dyes including the other metals, such as a ubiquitous 
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metal like Fe, should be explored in terms of element strategy. Thus, we examine the 
potential of DX1-Fe-X (X = Cl, Br, and I). Figure 2.13 shows the frontier orbital energies 
and surfaces of DX1-Fe-X, trans-[FeX2(phenyldimethoxyphosphine)(4,4’,4’’-COOH-
2,2’;6’,2’’-tpy)], (X = Cl, Br, and I). The energy differences between HOMO and LUMO 
for DX1-Fe-X generally become larger than those of the DX1-Ru-X when X = Cl, Br, 
and I. For example, HOMO-LUMO gap for DX1-Fe-I is 3.14 eV, which is increased by 
0.30 eV in comparison with DX1-Fe-X (X = Cl, Br, and I). The details of the frontier 
orbitals are summarized in Table 2.9. The occupied frontier orbitals are composed of Fe 
t2g and halogen p orbitals, which is similar to the case of the DX1-based dyes. The similar 
tendency that the contributions of atomic orbitals increase for halogen p molecular 
orbitals as the halogen atomic number increases, is confirmed. 
Figure 2.13. Frontier orbitals of DX1-Fe-X (X = Cl, Br, and I) in acetonitrile solution 
calculated by SR-DFT with PBE1PBE. The given energies are the orbital energies. 
White, gray, blue, red, orange, green, brown, purple and bluish yellow spheres 
represent H, C, N, O, P, Cl, Br, I and Fe atoms, respectively. 
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Table 2.9. Characters of frontier orbitals of DX1-Fe-X (X = Cl, Br and I). 
Molecules Orbital Fe character Halogen character 
DX1-Fe-Cl HOMO dxz:68% px:24% 
HOMO-1 dyz:66% py:27% 
LUMO dyz:2%, dxz:1% pz:2% 
LUMO+1 dxz:2% 0% 
DX1-Fe-Br HOMO dyz:21%, dxz:34% px:22%, py:7% 
HOMO-1 dyz:33%, dxz:25% px:14%, py:24% 
LUMO dyz:2%, dxz:1% pz:3% 
LUMO+1 dxz:2% 0% 
DX1-Fe-I HOMO dyz:25%, dxz:5% px:10%, py:57% 
HOMO-1 dyz:5%, dxz:33% px:50%, py:10% 
LUMO dyz:2%, dxz:1% pz:5% 
LUMO+1 dxz:2% 0% 
 
Figure 2.14 shows the absorption spectra of DX1-Fe-X (X = Cl, Br, and I), 
calculated in SR-TDDFT and SO-TDDFT with an imposed solvent effect for acetonitrile. 
For DX1-Fe-X (X = Cl or Br), no significant difference between absorption spectra of 
SR-TDDFT and SO-TDDFT is shown. On the other hand, a new peak appears at 1.91 eV 
for DX1-Fe-I when the SO interaction is considered in SO-TDDFT. However, the 
absorption bands with relatively small oscillator strengths shift to shorter wavelength in 
comparison with the original DX1, DX1-Ru-Cl. For example, the absorption peaks in the 
low energy region appear at 1.66 and 1.69 eV with the corresponding oscillator strengths, 
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0.008 and 0.026 for DX1-Ru-I, whereas those peaks appear at 1.91 and 1.97 eV with 
oscillator strengths of 0.006 and 0.004 for DX1-Fe-I, respectively. The detailed 
assignments of these absorption peaks calculated by SR-TDDFT and SO-TDDFT in the 
long wavelength region are given in Figure 2.15 and table 2.10. For all dyes, four excited 
states calculated by SR-TDDFT in the long wavelength region, i.e., two singlet excited 
states S3 (HOMO → LUMO) and S4 (HOMO-1 → LUMO) and two triplet exited 
states T7 (HOMO → LUMO) and T8 (HOMO-1 → LUMO) are involved in the low-
lying excited states obtained by SO-TDDFT. The absorption peaks of S3, S4, T7 and T8 
appear at 2.10, 2.32, 1.98 and 2.04 eV with f = 0.031, 0.029, 0.000 and 0.000 for DX1-
Fe-Cl, whereas the same peaks for DX1-Ru-Br appear at 2.08, 2.26, 1.96 and 2.02 eV 
with f = 0.025, 0.023, 0.000 and 0.000 and for DX1-Ru-I appear at 2.09, 2.23, 2.00 and 














Figure 2.14. Absorption spectra of DX1-Fe-X (X = Cl, Br and I) in acetonitrile 
solution. (a) SR-TDDFT (blue line) and SO-TDDFT (red line) spectrum of DX1-Fe-
Cl. (b) SR-TDDFT (blue line) and SO-TDDFT (red line) spectrum of DX1-Fe-Br. (c) 
SR-TDDFT (blue line) and SO-TDDFT (red line) spectrum of DX1-Fe-I. Triplet 
excitation energies are given as solid blue spheres. All of the spectra are interpolated 
using Gaussian functions with 𝜎 = 0.05 eV. 








Figure 2.15. Excitation energies of DX1-Fe-X (X = Cl, Br, and I) in acetonitrile 
solution. In respective molecules, excited states obtained by SR-TDDFT and SO-
TDDFT are given left, right and center, respectively. 
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Table 2.10. Assignments of absorption spectra of DX1-Fe-X (X = Cl, Br, and I) calculated by SO-TDDFT and SR-TDDFT. Excitation 
energies, oscillator strengths, and contributions of SR states in states calculated by SO-TDDFT are given, respectively. 
Molecules Perturbative SOC transitions SR transition contributions 
 States (eV) f (%) States (eV) f Compositions 
DX1-Fe-Cl ST23 1.98 0.001 5 S3 2.10 0.031 64% HOMO→LUMO 
29% HOMO-1→LUMO 
95 T7 1.98 0.000 65% HOMO→LUMO 
30% HOMO-1→LUMO 
ST24 2.03 0.001 1 S4 2.32 0.029 58% HOMO-1→LUMO 
26% HOMO→LUMO 
96 T8 2.04 0.000 65% HOMO-1→LUMO 
31% HOMO→LUMO 
ST27 2.10 0.028 93 S3 2.10 0.031 64% HOMO→LUMO 
29% HOMO-1→LUMO 
4 T7 1.98 0.000 65% HOMO→LUMO 
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Molecules Perturbative SOC transitions SR transition contributions 
 States (eV) f (%) States (eV) f Compositions 
30% HOMO-1→LUMO 
ST28 2.32 0.028 98 S4 2.32 0.029 58% HOMO-1→LUMO 
26% HOMO→LUMO 
1 T8 2.04 0.000 65% HOMO-1→LUMO 
31% HOMO→LUMO 
DX1-Fe-Br ST23 1.94 0.003 12 S3 2.08 0.025 12% HOMO→LUMO 
79% HOMO-1→LUMO 
87 T7 1.96 0.000 91% HOMO→LUMO 
0% HOMO-1→LUMO 
ST24 2.01 0.002 5 S4 2.26 0.023 77% HOMO-1→LUMO 
11% HOMO→LUMO 
92 T8 2.02 0.000 1% HOMO-1→LUMO 
95% HOMO→LUMO 
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Molecules Perturbative SOC transitions SR transition contributions 
 States (eV) f (%) States (eV) f Compositions 
ST27 2.10 0.021 85 S3 2.08 0.025 12% HOMO→LUMO 
79% HOMO-1→LUMO 
11 T7 1.96 0.000 91% HOMO→LUMO 
0% HOMO-1→LUMO 
ST28 2.27 0.022 94 S4 2.26 0.023 77% HOMO-1→LUMO 
11% HOMO→LUMO 
5 T8 2.02 0.000 1% HOMO-1→LUMO 
95% HOMO→LUMO 
DX1-Fe-I ST23 1.91 0.006 29 S3 2.09 0.021 2% HOMO→LUMO 
78% HOMO-1→LUMO 
66 T7 2.00 0.000 73% HOMO→LUMO 
17% HOMO-1→LUMO 
ST24 1.97 0.004 25 S4 2.23 0.013 1% HOMO-1→LUMO 
Shohei Kanno                                 Tokyo Metropolitan University, Japan 
６１ 
 
Molecules Perturbative SOC transitions SR transition contributions 
 States (eV) f (%) States (eV) f Compositions 
91% HOMO→LUMO 
70 T8 2.06 0.000 74% HOMO-1→LUMO 
17% HOMO→LUMO 
ST27 2.16 0.014 67 S3 2.09 0.021 2% HOMO→LUMO 
78% HOMO-1→LUMO 
26 T7 2.00 0.000 73% HOMO→LUMO 
17% HOMO-1→LUMO 
ST28 2.27 0.009 67 S4 2.23 0.013 1% HOMO-1→LUMO 
91% HOMO→LUMO 
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 Table 2.11 lists the absolute values of SOC matrix elements for DX1-Fe-X (X = 
Cl, Br, and I). As in the case of DX1-Ru-X (X = Cl, Br, and I), the SOC matrix elements 
between singlet and triplet excited states are effectively regarded as the SO interactions 
between HOMO and HOMO-1. The SOC matrix elements increase in the order of Cl, Br, 
and I: 0.0268, 0.0542, and 0.1122 eV for ⟨𝛹S3|𝐻SO|𝛹T7⟩ and 0.0274, 0.0589, and 0.1327 
eV for ⟨𝛹S4|𝐻SO|𝛹T8⟩. The SO interaction introduced by the ligand I
- is large enough for 
the appearance of spin-forbidden transitions, although the oscillator strengths are smaller 
for DX1-Fe-X complexes than those for DX1-Ru-X complex. 
 
Table 2.11. The absolute values of SOC matrix elements of DX1-Fe-X (X = Cl, Br, and 
I) in acetonitrile solution. 
Molecules ⟨𝜳𝐒𝟑|𝑯𝐒𝐎|𝜳𝐓𝟕⟩ / eV ⟨𝜳𝐒𝟒|𝑯𝐒𝐎|𝜳𝐓𝟖⟩ / eV 
DX1-Fe-Cl 0.0268 0.0274 
DX1-Fe-Br 0.0542 0.0589 
DX1-Fe-I 0.1122 0.1327 
 
2.3.5 Excited states and absorption spectra of thienyl-N3-I 
 Figure 2.16, shows the absorption spectra of N3-I and thienyl-N3-I, calculated 
in SR-TDDFT and SO-TDDFT with an imposed solvent effect for acetonitrile. As already 
discussed in session 2.3.2, for N3-I, the excitation peak in the absorption edge is 
redshifted from 2.08 eV to 1.98 eV by SO interaction (also see Figure 2.8 and Table 2.4). 
However, the excitation peak is assigned to spin-allowed transition, mainly. On the other 
hand of thienyl-N3-I, the excitation peak in the absorption edge is assigned to spin-
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forbidden transition. Furthermore, the oscillator strengths of the some peaks are enhanced 
by introduction of thienyl units to the bipyridine ligands. It is caused by increases of the 
overlaps between the unoccupied π* orbitals of bipyridyl ligands and the occupied 
orbitals delocalized from Ru t2g and I 5p orbitals to π-conjugated orbitals. In addition, the 
change of electric dipole moment via excitation is smaller than that of N3-I, the absorption 
spectrum of thienyl-N3-I is hardly impervious to the effects of solvatochromism. Thus, 
thienyl-N3-I is expected as a promising dye sensitizer because of the relatively strong 
light absorption of spin-forbidden transition in the long wavelength region. 
 
Figure 2.16. Absorption spectra of N3-I (top) and (down) Thienyl-N3-I calculated by 
SR-TDDFT (blue line) and SO-TDDFT (red line). All of the spectra are interpolated 
using Gaussian functions with 𝜎 = 0.05 eV. 
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 In order to elucidate the difference in SO interactions between N3-I and thienyl-
N3-I, we compare the excited states in the long wavelength region. As shown in Figure 
2.8 and 2.17, three excited states calculated by SR-TDDFT in the long wavelength region, 
i.e., one singlet excited state S1 two triplet exited states T3 and T4 are involved in the low-
lying excited states obtained by SO-TDDFT for both dyes. For N3-I, the energy 
differences between single excited state and triplet excited states are relatively large (more 
than 0.05 eV). On the other hand, the energy differences decrease to only 0.01 eV for 
thienyl-N3-I. Therefore, thienyl-N3-I is expected to show strong absorption peaks of 
spin-forbidden transitions in the absorption edge because of the large amplitude singlet 




 We have explored spin-forbidden transitions for Ru dyes with N3 skeleton and 
Figure 2.17. Excitation energies thienyl-N3-I calculated by SR-TDDFT (left and right 
side) and SO-TDDFT (center). 
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Fe dyes with DX1 skeleton by time-dependent density functional theory with SO 
interactions. The analysis of the absorption spectra of N3 and DX1 dyes reveal that the 
energy difference of singlet and triplet excited states obtained by SR-TDDFT without the 
SO interaction is key for spin-forbidden transition: the energy difference for DX1 is small 
compared to N3. To extend the absorption edge of N3 to longer wavelengths, N3-based 
dye with halogen anions instead of isothiocyanate (NCS) anions were investigated. The 
N3-based dye with iodine anions is found to have a relatively strong absorption peak, 
which is shifted to longer wavelength by SO interaction in comparison with the original 
N3. The large SOC matrix elements, not energy difference between singlet and triplet 
excited states, cause the red shift. The effect of the SO interaction upon absorption spectra 
for DX1 and N3, namely, the appearance of the new peak and redshift of the peaks, can 
be controlled by the energy levels of the singlet and triplet excited states calculated by 
SR-TDDFT. We confirmed that the SO interaction is strengthened by the heavy halogen 
atoms for only for N3-based dye but also DX1-based dye. 
 We also examined new dyes with a different metal atom instead of Ru atom. For 
DX1-based dye with a central Fe instead of Ru with halogen anions, the absorption bands 
shift to a shorter wavelength region with small oscillator strengths, compared to the 
original DX1-based Ru complex. However, the strong SO effects are obtained for the I- 
ligand without the heavy atom effect of Ru, and consequently, the absorption peaks 
assigned to spin-forbidden transitions appear in the long wavelength region. From the 
above analyses, this paper offers a new strategy for the creation of spin-forbidden 
transitions: namely, the source of the SO interaction can be a heavy halogen atom, iodine. 
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Chapter 3. First-principle Studies on Rotational Energy 
Barriers of Organic Cations in Organic-inorganic Perovskites 
3.1 Introduction 
 Organic–inorganic hybrid perovskites have attracted significant attention as 
photovoltaic materials for next-generation solar cells. In recent years, the power 
conversion efficiency of perovskite solar cells has skyrocketed from 3.8% to 25.2% [1,2]. 
The high photovoltaic performance can be ascribed to the remarkable optoelectronic 
properties of methylammonium lead iodide (MAPbI3), i.e., a band gap of approximately 
1.6 eV that matches the visible to near infrared regions of solar light and high absorption 
coefficients [3,4]. The optical properties mainly originate from the inorganic octahedral 
PbI6 framework because MA does not directly influence the band gap [5,6]. On the other 
hand, reorientation of the organic cation with the electric dipole moment contributes to 
the high dielectric constant in the low frequency region, which is key for achieving 
ferroelectric materials [7,8]. However, MAPbI3 exhibits no room-temperature 
ferroelectricity owing to the dynamic orientational disorder of MA [9]. Furthermore, Zhu 
et al. have indicated that a liquid-like reorientational motion of the organic cation 
provides protection for energetic charge carriers in hybrid perovskites with screening on 
a sufficiently fast timescale to compete with carrier cooling by optical phonon scattering 
[10]. 
 To probe the rotational dynamics of MA in hybrid perovskites, experimental 
measurements, such as nuclear magnetic resonance (NMR) spectroscopy, infrared 
spectroscopy, high-resolution neutron scattering, and quasielastic neutron scattering, have 
been performed [11–15]. Quasielastic neutron scattering measurements demonstrated that 
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the relaxation times for MA reorientation in cubic-phase MAPbI3 are 2.72 ps for the four-
fold rotational symmetry of the C–N axis (C4) and 0.60 ps for the three-fold rotational 
symmetry around the C–N axis (C3) at 350 K [15]. In addition to the relaxation timescale, 
the activation energy, Ea, and pre-exponential factor, τ(T → ∞), in the Arrhenius law have 
also been obtained by measuring the temperature dependence of the respective 
reorientation times. Ea and τ(T → ∞) in cubic-phase MAPbI3 were found to be 9.1 kJ mol
-
1 and 0.12 ps, respectively, for the C4 mode and 6.6 kJ mol
-1 and 59 fs, respectively, for 
the C3 mode by fitting to the Arrhenius law [15]. 
 In addition to these experimental studies, electronic and molecular dynamics 
(MD) calculations from first principles have been performed to investigate the 
reorientation dynamics of MA in MAPbI3 [16–20]. Bakulin et al. have used ab initio MD 
calculations to determine a reorientation time of ~3 ps for the C4 mode in MAPbI3 [19], 
which agrees with the above experimental result from quasielastic neutron scattering 
measurements. In addition, Quarti et al. reported energy barrier of 0.2 eV, which 
correspond to C4 mode barrier, in tetragonal phase from Car–Parrinello MD [20]. 
However, the timescale and the energy landscape of the C3 mode have not been examined 
in the study. Bechtel et al. have reported detailed potential energy landscapes for the C4 
and C3 modes in the cubic phase of MAPbI3 from first-principles calculations [18]. They 
calculated the energy landscape and the energy barrier for the C4 mode by considering 
molecular translation and the twisting rotation (C3 mode) of MA within the inorganic 
framework, PbI6. The energy landscape as a function of MA orientation in the limited 
directions of [100], [110], and [111] was shown to have an energy barrier of ~9.6 kJ mol-
1 for the C4 mode. Although this energy barrier is mostly consistent with the 
experimentally determined barrier, the authors also indicated that the energy landscape is 
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highly anisotropic and largely affected by relaxation of the inorganic PbI6 framework 
coupled with MA rotation because the relaxation energies are increased to ~10 kJ mol-1. 
Previous reports on the phonon in MAPbI3 have shown low-frequency phonon bands 
from 0 to 150 cm-1, which are associated with the stretching of Pb–I bonds and breathing 
of the octahedral PbI6 framework [21,22]. As the phonon bands of the PbI6 framework 
are located in the THz frequency region, close to the timescale of MA reorientation, 
coupling between the dynamic motions of the PbI6 framework and MA is not negligible 
in the determination of an accurate energy barrier for MA reorientation. Thus, the 
potential energy of the MA orientation should be calculated in terms of the following two 
points: (1) examining a wider PES than that enclosed by the [100], [110], and [111] 
directions and (2) taking into account PbI6-framework relaxation, which can include 
symmetry lowering induced by MA rotation. These points have not been fully considered 
in previous theoretical studies [18]. 
 Beyond this analysis of the dynamics in MAPbI3, the search for novel hybrid 
perovskite compounds is of great importance for designing ecofriendly solar cells and 
stable ferroelectric materials [23–27]. As the toxicity of Pb-based perovskites has a 
serious impact on the environment [28,29], Sn-based hybrid perovskites have been 
proposed as an alternative from both of the experiments and theories [23,30–33]. In 
addition, Wang et al. have recently reported that MAPbI3 and other iodide-based 
perovskites degrade spontaneously to generate I2 vapor without external stresses, such as 
moisture, O2, and light [34]. Furthermore, I2 vapor accelerates the degradation of iodide-
based perovskites through chemical chain reactions between I- and MA in perovskite. 
This degradation process results in a decline in the durability life of solar cells and 
ferroelectric materials. Therefore, bromide- and chloride-based perovskites have been 
Shohei Kanno                                 Tokyo Metropolitan University, Japan 
７１ 
 
proposed as alternatives to iodide-based perovskites [31,35,36]. However, experimental 
and theoretical investigations on the rotational dynamics of MA in such alternative 
perovskites have never yet been reported using first principles. To obtain novel materials 
for solar cells and ferroelectric materials, it is necessary to comprehensively investigate 
the rotational motion of MA in MAPbI3 and alternative perovskites with full relaxation 
of the inorganic framework. 
 In this study, we used density functional theory (DFT) to calculate detailed PESs 
for the C4 and C3 modes of MA in cubic-phase MAPbI3 with full inorganic-framework 
relaxation, which has never been explicitly considered in previous first-principles studies. 
From the PESs and the Arrhenius law, we calculated the energy barriers and the rotational 
relaxation times of the C4 and C3 modes of cubic-phase MAPbX3 (X = Cl or Br) and 
MASnX3 (X = Cl, Br, or I). Furthermore, we analyzed phonons to compare the rotational 
energy barriers of MA in each perovskite. We also discuss the role of MA rotational 
dynamics in terms of photogeneration mechanisms and ferroelectric properties. 
 Formamidinium (FA) has gathered attention as an organic cation in hybrid 
perovskites [37,38] instead of MA because the PCE of FA lead iodide (FAPbI3) perovskite 
solar cell is high, and, in fact, the Seok group reported that it has a high certified PCE of 
22.1% [2,39]. However, previous studies of the rotational dynamics of FA in hybrid 
perovskites are limited in comparison with those of the rotation dynamics of MA. 
Recently, Carignano et al. examined the rotational dynamics of FA in FAPbI3 using first 
principles MD simulations [40]. In their study, they found that the rotational motion of 
FA is reducible to those around two rotation axes, which are defined by the N-N bond 
axis (φ) and the sum of the two vectors of the C-N bond axes (θ), from group theory. They 
also found that only rotation around the φ axis is possible at room-temperature. So far, a 
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detailed PES for FA rotation in hybrid perovskites has never been obtained from 
experimental or theoretical studies. 
 In this study, we examined the detailed PES for the above two rotational motions 
of FA in cubic-phase FAPbI3 with full inorganic framework relaxation using DFT. From 
the PES, we calculated the rotational energy barriers for the φ and θ rotations. 
Furthermore, we also examined the FA rotational barriers in the cubic-phase alternative 
perovskites FAPbX3 (X = Cl or Br) and FASnX3 (X = Cl, Br, or I) because the search for 
novel hybrid perovskite compounds is of great importance in the design of eco-friendly 
solar cells and stable ferroelectric materials [23–36]. However, a comprehensive study of 
the FA rotations in alternative perovskites has not been reported. In this paper, we 
comprehensively discuss the FA rotational dynamics in cubic-phase FAPbI3 and the 
alternative perovskites and compare them with those of MA in hybrid perovskites. 
 More recently, a novel hybrid perovskite based on the organic cation C(NH2)3
+ 
(guanidinium, GA), which is slightly above the upper limit of the tolerance factor for 
perovskites, was reported to exhibit photoelectric properties specific to GA-based 
perovskites. In the MA1-xGAxPbI3 perovskite, GA passivates under-coordinated iodine 
ions at grain boundaries and within the bulk through N-H···I hydrogen bonds. As a result, 
the recombination/trap centers become passivated, leading to an enhancement of the 
carrier lifetime and open-circuit voltage [41]. Jodlowski et al. demonstrated improved 
material stability after the incorporation of GA into MAPbI3, delivering an average PCE 
over 19% and stabilized performance for 1000 h under continuous light illumination [42]. 
Although the thermodynamic stability and electronic properties of GAPbI3 were studied 
by first-principles calculations [43], a detailed study on the physical properties of GA 
including the rotational behavior has not yet been reported from either an experimental 
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or theoretical perspective. 
 In order to understand the passivation of iodine ions and the thermal stability, 
which were reported only for GA-based perovskites, not MA and FA ones, it is important 
to systematically examine the crystallographic orientations and rotational dynamics of 
GA. This study theoretically examined the orientation and rotational PES of GA in cubic-
phase GASnI3, which was first synthesized by Ishibashi et al. [44], using first-principles 
calculations. In addition to cubic-phase GASnI3, we examined five proposed cubic-phase 
perovskites, GAPbX3 (X = I, Br, or Cl) and GASnX3 (X = Br or Cl). Also, we dicussed a 
hydrogen bond capability of GA compared to MA and FA, and found that GA can have 
six hydrogen bonds, which may lead to long carrier lifetimes and high open-circuit 
voltages through passivation of recombination/trap centers [41]. 
3.2 Computational Details 
3.2.1 Rotational PES and barriers for MA in MABX3 (B = Pb or Sn; X = I, Br, or Cl) 
 To obtain the rotational barriers for the C4 and C3 modes of MA in cubic-phase 
MAPbI3, the PES for each mode was calculated by DFT. The PES of the C4 mode was 
estimated from the total energy differences for each orientation of MA, whose structural 
parameters were fixed at the most stable geometry. As shown in Figure 3.1, the orientation 
of MA in the cubic-phase perovskite is varied by changing θ from 0 to 180° and φ from 
0 to 360° in 20° steps, where the center of the rotation is set as the center of gravity of 
MA, θ is defined as the angle between the C–N axis of MA and the z axis of the unit cell, 
and φ is defined as the angle between a line segment projected on the xy plane from the 
C–N axis and the x axis. On the other hand, the potential energy curve of the C3 mode is 
estimated by changing ψ from 0 to 120° in 10° steps, where ψ is the rotational angle from 
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the most stable angle around the C–N axis. During calculation of the total energy for all 
points on both of C4 and C3 PESs, the geometry of MA was fixed, and the structural 
relaxations of the PbI6 inorganic framework and lattice constants were considered to 
reproduce the symmetry lowering associated with the MA rotation and the coupling 
between the dynamic motions of the PbI6 framework and MA. For the alternative 
perovskites, MAPbX3 (X = Cl or Br) and MASnX3 (X = Cl, Br, or I), the PESs for MA 
rotational motion were estimated in a similar way. 
 
 
 In the calculation of the PESs, vdW-DF2 [45] was used as an exchange-
correlation functional with ultra-soft pseudopotentials [46]. The calculations were 
performed using the Quantum ESPRESSO code [47] with 80 and 960 Ry plane-wave and 
charge density cut-offs and reciprocal space sampling of 63 k-points. The convergence 
threshold for a change in the total energy during geometry optimization was 10-4 Ry. 
Figure 3.1. Orientation of MA in cubic-phase perovskite. The orientation of the C–N 
bond axis is described by θ and φ, and on-axis rotation is described by ψ. White, gray, 
blue, purple, and black spheres represent H, C, N, I, and Pb atoms, respectively. 
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 Phonon analysis was carried out at the Γ point after optimization of all ions and 
the lattice constants from the most stable geometry in the PES for the C4 mode. In the 
geometry optimization and phonon analysis, Perdew–Burke–Ernzerhof (PBE) [48,49] 
was used as an exchange-correlation functional with projector augmented wave (PAW) 
[50,51] pseudopotentials. The calculations were performed using the Vienna ab initio 
simulation package (VASP) code [52–55] with plane-wave and charge density cut-offs of 
1500 and 644.9 eV, respectively. During geometry optimization and self-consistent field 
calculations for the phonon analysis, 504 k-points were employed for reciprocal space 
sampling. 
3.2.2 Rotational PES and barriers for FA in FABX3 (B = Pb or Sn; X = I, Br, or Cl) 
 First, we performed structural optimization of the ions and the cell parameters 
and phonon analysis in cubic-phase FAPbI3 using DFT and density functional 
perturbation theory (DFPT). For the structural optimization, we set the convergence 
threshold for changes in the total energy to 10-6 eV and reiterated the optimization until 
the imaginary frequencies corresponding to translational modes were less than 1 cm-1 at 
the Γ-point. We used the Perdew–Burke–Ernzerhof (PBE) [48,49] exchange-correlation 
functional with projector augmented wave (PAW) pseudopotentials [50,51]. During the 
geometry optimization and self-consistent field calculations for the phonon analysis, 504 
k-points were reduced from 10 × 10 × 10 grid points by the tetrahedron method and 
employed for reciprocal space sampling in the first Brillouin zone. The above calculations 
for the geometry optimization of the initial structures and the frequency analyses were 
performed using the Vienna ab initio simulation package (VASP) code [52–55] with 
plane-wave and charge density cutoffs of 1800 and 644.9 eV, respectively. 
 Next, to obtain the rotational energy barriers for the two modes around the N-N 
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bond and the sum of the two C-N bond vectors of FA in cubic-phase FAPbI3, the 
calculation of the PES by DFT was carried out. As shown in Figure 3.2, we defined φ and 
θ as rotational angles around the N-N bond axis and an axis penetrating C atom and center 
of gravity in FA, respectively. In the calculation of the PES for the φ and θ rotations, the 
orientation of FA in FAPbI3 was varied by changing φ and θ from 0 to 360° in 20° steps, 
where the structure at φ = 0 and θ = 0 corresponds to the optimized geometry. During the 
PES calculation, the N and C atoms in FA were fixed for each φ and θ. The structural 
relaxation of the H atoms in FA, the PbI6 inorganic framework, and the lattice constants 
was considered to reproduce the symmetry lowering associated with the FA rotation and 
the coupling between the dynamic motions of the PbI6 framework and FA. In these 
calculations, vdW-DF2 [45] was used as the exchange-correlation functional with ultra-
soft pseudopotentials [46]. The convergence threshold for the change in the total energy 
during structural relaxation following the FA reorientation was 10-4 Ry. The calculations 
for evaluating the PES were performed using the Quantum ESPRESSO code [47]48 with 
80 and 960 Ry plane-wave and charge density cut-offs, respectively, and reciprocal space 
sampling of 63 k-points reduced from 5 × 5 × 5 grid points. 
 




 For the alternative perovskites FAPbX3 (X = Cl or Br) and FASnX3 (X = Cl, Br, 
or I), the PES for FA rotational motion were estimated in a similar way. 
3.2.1 Rotational PES and barriers for GA in GABX3 (B = Pb or Sn; X = I, Br, or Cl) 
 First, we performed structural optimization of the ions and the cell parameters 
for cubic-phase GASnI3 using DFT. We also performed phonon analysis based on the 
finite difference method for the calculated force and Hessian matrices. For the structural 
optimization, we set the convergence threshold for changes in the total energy to 10-6 eV 
and reiterated the optimization until the imaginary frequencies corresponding to 
translational modes were less than 1 cm-1 at the Γ-point. During the geometry 
optimization and self-consistent field calculations for the phonon analysis, 504 k-points 
were reduced from 10 × 10 × 10 grid points by the tetrahedron method and employed for 
reciprocal space sampling in the first Brillouin zone with plane-wave and charge density 
cut-offs of 1300 and 644.9 eV, respectively. 
Figure 3.2. The orientation of FA in cubic-phase perovskite. The orientation of FA is 
described by φ and θ. White, gray, blue, purple, and black spheres represent H, C, N, 
I, and Pb atoms, respectively. 
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 Next, to obtain the rotational energy barrier for the two modes around the C2 and 
C3 axes of GA in cubic-phase GASnI3, the PES were calculated by DFT. As shown in 
Figure 3.3, we defined the C2 and C3 axes as rotational angles in GA within the D3h point 
group. In calculating the PES for the C2 and C3 rotations, the orientation of GA in GASnI3 
was varied by changing C2 from 0 to 180° in 10° steps and changing C3 from 0 to 120° in 
10° steps, where the structures at C2 = 0 and C3 = 0 correspond to the optimized geometry. 
During the PES calculations, the relative coordinates of the C and N atoms in GA were 
fixed for each C2 and C3. On the other hand, structural relaxations of the H atoms in GA, 
the Sn and the I atoms in SnI6 inorganic framework, and the lattice constants were 
considered to reproduce the symmetry lowering associated with the GA rotation and the 
coupling between the dynamic motions of the SnI6 framework and GA. The sample of 
POSCAR is shown in Supporting Information. The convergence threshold for the change 
in the total energy during structural relaxation following reorientation of GA was 10-3 eV 
with 700 and 644.9 eV plane-wave and charge density cut-offs, respectively, and 
reciprocal space sampling of 504 k-points reduced from 10 × 10 × 10 grid points. 
Figure 3.3. Orientation of GA in cubic-phase perovskites in terms of C2 and C3 angles. 
White, gray, blue, purple, and black spheres represent H atoms, C atoms, N atoms, X 
anions, and B cations, respectively. 
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 For the alternative perovskites GAPbX3 (X = I, Br, or Cl) and GASnX3 (X = Br 
or Cl), the PES for the rotational motion of GA were estimated in a similar way. For all 
calculations, we used the Perdew–Burke–Ernzerhof (PBE) [48,49] exchange–correlation 
functional and the DFT-D3 [56,57] method as a van der Waals correction with projector 
augmented wave (PAW) pseudopotentials [50,51]. All calculations were performed using 
the Vienna ab initio simulation package (VASP) code [52–55]. 
3.3 Results and Discussion 
3.3.1 Rotational barrier and relaxation time of MA in cubic-phase MAPbI3 
 Figure 3.4 illustrates the θ and φ rotational PES of MA in cubic-phase MAPbI3 
obtained from DFT calculations. The most stable orientation of MA in the MAPbI3 crystal 
is located at θ = 120° and φ = 80°. Furthermore, many quasi-stable orientations in the 
crystal are obtained as local minima. The structural parameters of MAPbI3 at the most 
stable orientation of MA are shown in Figure 3.5 and Table 3.1. In most of the stable 
structures, the symmetry of the crystal structure is lowered because MA is orientated to 
form N–H···I hydrogen bonds and the iodide ions are displaced to shorten the hydrogen 
bond length. However, in the X-ray diffraction crystal structure obtained at 330 K, the 
space group is Pm3m and no anisotropy of the Bravais lattice vectors originating from 
distortion is observed [58]. The experimental crystal structure is an averaged structure 
with various MA orientations in MAPbI3, whereas the calculation reveals the most stable 
orientation at specific θ and φ values. Therefore, the most stable calculated structure is 
found to be disordered and different from the experimental structure, which leads to large 
anisotropy in the potential energy surface for MA rotation (Figure 3.4). 






Figure 3.4. PES for θ and φ rotations of MA in cubic-phase MAPbI3. The plotted 
energies are relative to the energy of the most stable orientation (θ = 120° and φ = 
80°). 
Figure 3.5. PbI6 inorganic framework and N–H···I hydrogen bonds around MA in the 
θ = 120° and φ = 80° orientation. White, gray, blue, purple, and black spheres represent 
H, C, N, I, and Pb atoms, respectively. 
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Table 3.1. Calculated and experimental Bravais lattice vectors for cubic-phase MAPbI3. 
method Bravais lattice vectors x / Å y / Å z / Å 
calculationa a 6.516 0.090 0.127 
 b 0.093 6.582 -0.111 
 c 0.124 -0.108 6.570 
     experimentb a 6.391 0.000 0.000 
 b 0.000 6.391 0.000 
 c 0.000 0.000 6.391 
aCalculated values for cubic-phase MAPbI3 with MA orientated to θ = 120° and φ = 80° 
in the unit cell. 
bExperimental values for cubic-phase MAPbI3 at 330 K [58].
 
 
 We estimated the rotational energy barrier of the C4 mode from the PES in Figure 
3.4. The C4 mode corresponds to a rotational change of the MA orientation from the most 
stable point (θ = 120° and φ = 80°) along the θ or φ axis by 90° (arrows in Figure 2). The 
energy barriers along these directions (Δθ = +90°, Δθ = -90°, Δφ = +90°, and Δφ = -90°) 
are 9, 6, 10 and 11 kJ mol-1, respectively. These small energy barriers indicate that MA 
can rotate without strong constraint at room temperature. Notably, the energy barrier 
averaged over θ or φ is 9 kJ mol-1, which is consistent with the experimental activation 
energy for the C4 mode (Ea = 9.1 kJ mol
-1) [15]. It should be mentioned that a previous 
study also reported a similar barrier of ~9.6 kJ mol-1, but the contribution from relaxation 
of the PbI6 framework was not fully considered [18]. 
 Figure 3.6 demonstrates the rotational relaxation time of the C4 mode of MAPbI3, 
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τC4(T), calculated using the Arrhenius law: 
𝜏𝐶4(𝑇)




)             (3.1). 
For the calculated rotational relaxation times, the calculated Ea,C4 of 9 kJ mol
-1 and the 
experimental τC4(T → ∞) of 0.12 ps were used in Eq. (3.1) as the activation energy and 
the pre-exponential factor, respectively [15]. The calculated τC4 of 3.2 ps at 330 K is in 
good agreement with the experimental relaxation time [15]. Therefore, our method is 
applicable for the evaluation of Ea,C4 and τC4(T) for alternative perovskites. 
 
 
 The energy difference between the most and least stable orientations of MA is 
only 11 kJ mol-1 (Figure 3.4). The energy difference is extremely small, even though the 
medium-sized MA molecule rotates in the crystal. To elucidate the reason for the 
conspicuously low energy barrier heights, we investigated the displacements of lead and 
Figure 3.6. Experimental (red circles) and calculated (black line) rotational relaxation 
times for the C4 mode of cubic-phase MAPbI3. 
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iodide ions in the framework during C4 mode rotation of MA. Figure 3.7 illustrates the 
displacements of lead and iodide ions from their positions in the most stable structure (θ 
= 120° and φ = 80°) for each MA orientation. Interestingly, we found that the lead and 
iodide ions neighboring MA move cooperatively by 0.7 and 1.4 Å, respectively, in 
response to changes in MA orientation. Although the system is a solid, the PbI6 
framework is likely to behave like a flexible solvent that binds to MA during rotation. 
The results are consistent with previous studies in which organic–inorganic hybrid 
perovskites showed a high frequency-dependent dielectric constant in the low-frequency 
region, indicating low energy barrier heights for diffusion of MA and iodide ions in the 
crystal [7,8,59]. 




 The above character of organic–inorganic hybrid perovskites can be confirmed 
by the normal frequencies. The frequencies of cubic-phase MAPbI3 sampled at the Γ point 
are summarized in Table 3.2. The imaginary modes have negligible frequencies below 1 
cm-1. Soft phonon modes of the PbI6 inorganic framework in the low-frequency region 
range from 30 cm-1 (1.1 ps) to 140 cm-1 (0.24 ps), which indicates a shallow potential 
Figure 3.7. Displacements of Pb (a) and I (b–d) during MA rotation in cubic-phase 
MAPbI3. The displacements are shown relative to the positions of the ions when MA 
is oriented at θ = 120° and φ = 80°. 
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energy surface with respect to each ion in the crystal. Some of these soft phonons are 
coupled with the translational and rotational motion of MA, and the timescales of the 
phonons are consistent with the rotational relaxation timescale of the C4 mode (~3 ps). 
Therefore, the PbI6 inorganic framework can relax with the C4 mode of MA. This result 
is consistent with a previous MD calculation [20,60]. 
 
Table 3.2. Normal vibrations and frequencies of cubic-phase MAPbI3 at the Γ point. 
no. frequency / cm-1 motion 
1–3 0.1i–0.3i translations 
4–6 21.0–29.9 rotations 
7–9 32.0–34.2 PbI6 bending and MA translation 
10–15 50.2–83.9 PbI6 stretching and C4-type MA rotation 
16, 17 110.3, 118.5 PbI6 bending and C4-type MA rotation 
18 136.5 PbI6 bending and CH3 on axis rotation 
19 324.7 NH3 on axis rotation 
20, 21 893.6, 923.9 C–H and N–H bending 
22 978.5 C–N stretching 
23, 24 1234.1, 1253.4 C–H and N–H bending 
25 1409.9 CH3 umbrella motion 
26 1448.2 CH3 on axis rotation 
27 1454.4 C–H bending 
28 1494.7 NH3 umbrella motion 
29, 30 1576.3, 1600.2 N–H bending 
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no. frequency / cm-1 motion 
31–33 3015.5–3115.0 C–H stretching 
34–36 3156.1–3204.0 N–H stretching 
 
 We also examined the barrier for C4 mode in MA2Pb2I6 supercell of 2 × 1 × 1 
cubic cells to investigate the effect of next-site MA for the barrier. The supercell model 
has a rotating MA and PbI6 inorganic frameworks and a MA, which are able to relax the 
structures with a rotating MA. The most stable orientation of the rotating MA is θ = 80° 
and φ = 100° in the energy surface, and the energy difference between the most and least 
stable orientations is 16 kJ mol-1. These results are slightly different from a result in 
normal cubic cell. However, the energy barrier for C4 mode in supercell is 9 kJ mol
-1, 
which is same to the barrier in normal cubic cell. Therefore, we reasoned out that the 
effect of next-site MA for the C4 mode rotation is relativity small. 
 Next, we examined the rotational energy barrier and relaxation time of the C3 
mode in cubic-phase MAPbI3. In Figure 3.8, the potential energy curves are shown for 
rotations of ψ from 0° to 120° when MA is orientated to the [100], [110], and [111] 
directions, as well as the most stable (θ = 120° and φ = 80°) direction. These potential 
energy curves show a strong dependence on the orientation of MA. When MA is 
orientated to the [100] and [110] directions in the crystal, the barriers for ψ rotation are 
about 1 kJ mol-1. However, barriers of 7.3 and 3.4 kJ mol-1 are observed for the [111] and 
the most stable directions, respectively. The low energy barrier heights allow relatively 
free MA rotation at room temperature. The average of these energy barriers for the C3 
mode (3.1 kJ mol-1) underestimates the experimental activation energy of the C3 mode 
(6.6 kJ mol-1).15 As free θ and φ rotations are assumed in the crystal at room temperature, 
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ψ rotations in various θ and φ directions contribute to the average barrier for the C3 mode. 
Therefore, to accurately reproduce the experimental barrier of the C3 mode, ψ rotational 




 Figure 3.9 illustrates the rotational relaxation time of the C3 mode, τC3(T), in 
cubic-phase MAPbI3 obtained using Eq. (3.1), with the calculated rotational average 
energy barrier of 3.1 kJ mol-1 as Ea,C3 and the experimental pre-exponential factor of the 
C3 mode, τC3(T → ∞), of 59 fs [15]. Our result underestimates the experimental τC3(T) 
values by about 0.5 ps owing to the underestimation of Ea,C3. On the other hand, the 
structural relaxations of the PbI6 inorganic framework hardly cooperatively occurs with 
the motion of the C3 mode because no coupling is observed between the soft phonons of 
the PbI6 inorganic framework and rotation around the C–N axis of MA (Table 3.2). This 
Figure 3.8. Potential energy curves for ψ rotations of MA orientated in [100] (red), 
[110] (green), [111] (blue), and θ = 120° and φ = 80° (black) directions. 
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result suggests that the rotational energy barrier of the C3 mode is mainly determined by 
steric hindrance and N-H···I hydrogen bonding in the crystal, not by structural relaxations 
of the PbI6 inorganic framework. 
 
 
3.3.2 Rotational barriers and relaxation times of MA in alternative cubic-phase 
perovskites 
 Here, we discuss the rotational motion of the C4 mode of MA in alternative cubic-
phase perovskites, MAPbX3 (X = Cl or Br) and MASnX3 (X = Cl, Br, or I). Figure 3.10 
illustrates the potential energy surfaces for θ and φ rotations of MA in the various 
perovskites. Similar to the case of MAPbI3, many stable MA orientations are confirmed 
as local minima and anisotropies are observed in the potential energy surfaces. A large 
number of stable orientations with small rotational barriers exist for MAPbI3 and MASnI3, 
whereas a small number of stable orientations with large rotational barriers exist for 
Figure 3.9. Experimental (red circles) and calculated (black line) rotational relaxation 
times for the C3 mode of cubic-phase MAPbI3. 
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MAPbCl3 and MASnCl3. Therefore, for MAPbCl3 and MASnCl3, the liquid-like 
reorientational motion of MA is frozen, and the screening effect is decreased. In fact, it 
has been confirmed experimentally that the carrier mobility of MAPbCl3 is lower than 
those of MAPbI3 and MAPbBr3 [61]. On the other hand, better alignment of the MA 
dipole moments is achieved for MAPbCl3 and MASnCl3, and thus, these perovskites can 








Figure 3.10. PESs for θ and φ rotations of MA in cubic-phase (a) MASnI3, (b) 
MAPbBr3, (c) MASnBr3, (d) MAPbCl3, and (e) MASnCl3. The plotted energies are 
relative to the energy of the most stable orientation. 
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 We estimated the rotational energy barriers of the C4 mode for the alternative 
perovskites, MAPbX3 (X = Cl or Br) and MASnX3 (X = Cl, Br, or I) from the potential 
energy surfaces for θ and φ rotations (Figure 3.10). The rotational barriers listed in Table 
3.3 were estimated by averaging the energy barriers for 90° changes in θ and φ, in the 
same manner as for MAPbI3. For MASnI3, the most stable orientation of MA in the crystal 
corresponds to that in MAPbI3. However, the rotational energy barrier for the C4 mode is 
10 kJ mol-1, which is 1 kJ mol-1 higher than that of MAPbI3. On the other hand, for 
MAPbBr3, a different orientation of MA in the crystal is the most stable (θ = 100° and φ 
= 240°), and the rotational energy barrier of the C4 mode is 11 kJ mol
-1, which is 2 kJ mol-
1 higher than that of MAPbI3. The rotational barrier height for MAPbBr3 is consistent 
with previous experimental results [62]. The rotational energy barrier heights of the C4 
mode for the other alternative perovskites are also all higher than that of MAPbI3 (Table 
3). The rotational energy barriers of the C4 mode for the Sn-based perovskites are 1–5 kJ 
mol-1 higher than those for the Pb-based perovskites. However, the increase of the energy 
barrier height upon substituting I with Br or Cl is significant than the metal substitution. 
This result indicates that Cl affects the rotational energy barrier for the C4 mode more 
significantly than the type of metal. This phenomenon can be explained by the fact that 
the halogen ions, which are the nearest neighbors to MA, are able to directly influence 
rotation via a hydrogen bond, whereas the metals, which are the second nearest neighbors, 
cannot significantly affect rotation via indirect interactions. This result is consistent with 
the experimental observation that the MA rocking mode red shifts when heavier halides 
are involved: Cl → Br → I [62]. 
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Table 3.3. Rotational energy barriers for the C4 mode, Ea,C4, and the most stable 
orientations of MA in cubic-phase MABX3. 
perovskite Ea,C4 / kJ mol
-1 
minimum MA orientation 
θ / ° φ / ° 
MAPbI3 9 120 80 
MASnI3 10 120 80 
MAPbBr3 11 100 240 
MASnBr3 12 120 80 
MAPbCl3 15 60 100 
MASnCl3 20 120 100 
 
 Figure 3.11 illustrates the rotational relaxation times of MA for MABX3 (B = Pb 
or Sn, X = Cl, Br, or I) calculated by the Arrhenius law with the rotational energy barriers 
of the C4 mode. An experimental pre-exponential factor of 0.12 ps was used for all 
perovskites, which is the value for MAPbI3 in the cubic phase [15],
15 as this value mainly 
depends on the geometry of MA, such as the moment of inertia, and should only exhibit 
a weak dependence on the inorganic framework. The calculated rotational relaxation 
times for the C4 mode are 3.2, 4.6, 6.6, and 9.5 ps at 330 K for MAPbI3, MASnI3, 
MAPbBr3, and MASnBr3, which have relatively small rotational barriers, whereas value 
of 28.5 and 176.1 ps are obtained at 330 K for MAPbCl3 and MASnCl3, respectively, 
which have relatively large rotational barriers. These results indicate that MA can rotate 
relatively freely in the I- and Br-based perovskites because of the small rotational 
relaxation times for the C4 modes at room temperature, whereas MA cannot rotate freely 
in the Cl-based perovskites because the rotational relaxation times are more than one 
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order of magnitude higher than those of the I- and Br-based perovskites. Furthermore, as 
MA has an electric dipole moment, its rotational motion influences the dielectric response 
of perovskites. Therefore, the different rotational relaxation time of MA in each 
perovskite affects the behavior of the frequency-dependent dielectric constants in the GHz 
to THz region [63]. 
 
 
 Next, to investigate the influence of structural relaxations of the BX6 inorganic 
frameworks on the rotational barriers for the C4 mode, we performed vibrational analysis 
of MAPbX3 (X = Cl or Br) and MASnX3 (X = Cl, Br, or I) in the cubic phase. Figure 3.12 
shows the normal frequencies of the soft phonon modes of the BX6 inorganic frameworks 
at the Γ point for the various perovskites. The lowest frequencies of the soft phonon 
Figure 3.11. Calculated rotational relaxation times for the C4 mode in cubic-phase 
MAPbI3 (black line), MASnI3 (red line), MAPbBr3 (yellow line), MASnBr3 (green 
line), MAPbCl3 (blue line), and MASnCl3 (purple line). Note that the relaxation time 
is plotted on a logarithmic scale. 
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modes are 32.0 cm-1 for MAPbI3, 39.3 cm
-1 for MASnI3, 43.5 cm
-1 for MAPbBr3, 50.4 
cm-1 for MASnBr3, 63.0 cm
-1 for MAPbCl3, and 68.2 cm
-1 for MASnCl3. Therefore, the 
higher frequencies of the Sn-based perovskites indicate that the SnX6 inorganic 
frameworks are more rigid than the PbX6 frameworks. On the other hand, the I-based 
perovskites have relatively soft BI6 inorganic frameworks, whereas the Cl-based 
perovskites have relatively hard BCl6 inorganic frameworks, as indicated by the increase 
of the soft phonon frequencies in the order of BI6 < BBr6 < BCl6. These tendencies reveal 
that halogens have a larger influence on the hardness of the inorganic frameworks than 
metals. Based on these results, the hardness of the BX6 inorganic frameworks in cubic-
phase MABX3 (B = Pb or Sn, X = Cl, Br, or I) increases in the order of PbI6 < SnI6 < 
PbBr6 < SnBr6 < PbCl6 < SnCl6. This trend is consistent with that described above for the 
heights of the rotational barriers for the C4 mode, which indicates that the rotational 
motion of MA is strongly restricted in perovskites with rigid BX6 inorganic frameworks. 
 
 
Figure 3.12. Soft phonon frequencies of inorganic frameworks in cubic-phase (a) 
MAPbI3, (b) MASnI3, (c) MAPbBr3, (d) MASnBr3, (e) MAPbCl3, and (f) MASnCl3. 
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3.3.3 PES and barrier for FA rotation in cubic-phase FAPbI3 
 Figure 3.13a shows the optimized structure of cubic-phase FAPbI3, and the cell 
parameters are listed in Table 3.4. Our calculation slightly overestimates the unit cell 
volume. In addition, a small anisotropy which is not observed in the experimental cubic 
structure with Pm3m space group appears in calculated Bravais lattice vectors. However, 
these errors are so small and can be ignored. We also listed the cell parameters at φ = 0° 
and θ = 0° on the PES in Table 3.4. FA is approximately orientated on (111) plane with 
six iodine ions to form N–H···I hydrogen bonds in a cage of the PbI6 inorganic framework, 
which is slightly distorted by the displacements of the iodide ions because of the 
formation of hydrogen bonds. The hydrogen bond lengths are 2.77 to 2.90 Å and are 
consistent with those of a previous report (2.75 to 3.00 Å) [64]. The number of N–H···I 
hydrogen bonds in the unit cell is four, greater than the number in MAPbI3, and the 
hydrogen bond lengths are shorter than those in MAPbI3 (2.88 to 2.98 Å) in Figure 3.5. 
This result suggests that the rotational energy barrier of FA in FAPbI3 will be greater than 
that of MA in cubic-phase MAPbI3, which is 9.1 kJ mol
-1 from experiment and 9 kJ ml-1 
from our DFT calculations [15]. 




Table 3.4. Calculated and experimental Bravais lattice vectors for cubic-phase FAPbI3. 
method Bravais lattice vectors x/Å y/Å z/Å 
calculationa a 6.50 0.03 0.26 
b 0.03 6.48 -0.07 
c 0.26 -0.07 6.53 
     experimentb a 6.36 0.00 0.00 
b 0.00 6.36 0.00 
c 0.00 0.00 6.36 
     calculation 
at φ = 0°, θ = 0° on PESc 
a 6.58 0.03 0.25 
b 0.03 6.59 -0.06 
c 0.25 -0.06 6.60 
aCalculated values for cubic-phase FAPbI3. 
bExperimental values for cubic-phase FAPbI3 
Figure 3.13. PbI6 inorganic framework and N–H···I hydrogen bonds in (a) the 
optimized structure as φ = 0° and θ = 0° and (b) the structure at φ = 0° and θ = 80°. 
White, gray, blue, purple, and black spheres represent H, C, N, I, and Pb atoms, 
respectively. 
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at 298 K [64]. cCalculated values for cubic-phase FAPbI3 at φ = 0° and θ = 0° on the 
rotational PES. 
 
 To examine the structural relaxation of the PbI6 inorganic framework with 
cooperative FA motion, we calculated the normal frequencies of cubic-phase FAPbI3 
sampled at the Γ-point, and the details are summarized in Table 3.5. The imaginary modes 
related to translational motions had negligible frequencies of less than 1 cm-1. The soft 
phonon modes of the PbI6 inorganic framework appear in the low-frequency region from 
8.8 to 53.6 cm-1. In addition, in the high-frequency region from 517.0 to 3476.4 cm-1, the 
FA vibrational modes appear, which are the characteristic motions of organic molecules 
in the infrared region. In particular, a remarkable coupling between the soft phonon modes 
of the PbI6 inorganic framework and the translational and the rotational motions of FA 
appears in the low-frequency region, which is also seen in MAPbI3 (Table 3.2). This 
results suggest that the FA rotational barrier height decreases because of the structural 
relaxation of the PbI6 inorganic framework via soft phonon modes on a timescale of 0.6 
to 3.8 ps (53.6 to 8.8 cm-1), as in the case of MA rotation in MAPbI3. 
 
Table 3.5. Calculated frequencies and motions of the normal vibrations for cubic-phase 
FAPbI3 at Γ point. 
no. frequency/cm-1 motion 
1 0.1i Translation 
2 0.2i Translation 
3 0.5i Translation 
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no. frequency/cm-1 motion 
4 8.8 PbI6 tilting and FA rotation on FA plane 
5 17.6 PbI6 tilting and FA rotation on FA plane 
6 23.8 Pb-I stretching and FA translation 
7 25.9 Pb-I stretching and FA translation 
8 32.3 Pb-I stretching and FA translation 
9 32.7 Pb-I-Pb bending and FA translation 
10 42.7 Pb-I stretching and FA translation 
11 44.6 Pb-I stretching and FA translation 
12 47.9 Pb-I stretching and FA translation 
13 53.6 Pb-I stretching and FA rotation on FA plane 
14 74.7 θ-type FA rotation 
15 82.3 FA rotation on FA plane 
16 84.2 FA rotation on FA plane 
17 109.6 FA rotation on FA plane 
18 150.6 φ-type FA rotation 
19 517.0 N-C-N bending 
20 572.9 H-N-H twisting 
21 625.3 H-N-H wagging 
22 656.0 N-C-N twisting 
23 729.9 N-C-N wagging 
24 987.1 H-N-H rocking 
25 1037.1 C-H out-of-plane bending 
26 1089.7 C-N stretching 
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no. frequency/cm-1 motion 
27 1330.4 C-H in-plane bending 
28 1368.0 C-N stretching 
29 1555.8 H-N-H scissoring 
30 1622.2 H-N-H scissoring 
31 1715.2 C-N stretching 
32 3119.4 C-H stretching 
33 3307.9 N-H stretching 
34 3345.2 N-H stretching 
35 3442.2 N-H stretching 
36 3476.4 N-H stretching 
 
 Figure 3.14 shows the φ and θ rotational PES of FA in cubic-phase FAPbI3, which 
were obtained from DFT calculations. In Table 3.4, we also listed the cell parameters at 
φ = 0° and θ = 0° on the rotational PES. The Bravais lattice vectors are slightly 
overestimated by 1% from pre-optimization using PBE functional, and this error is small 
enough to be ignored. The rotational PES of FA shows a strong anisotropy, which does 
not appear in the PES for MA rotation in above discussion. For example, when FA rotates 
around the θ-axis by 360° at all φ angles, the rotation is hindered by two potential walls 
located at θ = 80° and 260°, and the heights of the two potential walls are 10 to 16 kJ mol-
1. On the other hand, when FA rotates around the φ-axis by 360° at all θ angles, the energy 
barrier height is 4 to 10 kJ mol-1 and these values are lower than the barrier heights for θ 
rotation. We also calculated the energy barrier for φ rotation using nudged elastic band 
(NEB) method and compared them with the barriers evaluated from the rotational PES 
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(Figure 3.15) [65,66]. Our rotational PES slightly underestimate the rotational barrier in 
comparison with NEB method. However, the shapes of potential energy curves are 
expressly consistent between the two methods. These results suggest that FA can rotate 
around φ-axis relatively freely, but the rotation around θ-axis is restricted by potential 
walls. This trend is consistent with previous MD simulations [40]. A definite difference 
between the MA and FA rotations in cubic-phase lead iodide perovskites is the existence 
of anisotropic rotational directions: For the MA rotation in MAPbI3, there is no anisotropy, 
and MA can rotate around both axes with barrier heights of 6 to 11 kJ mol-1. To investigate 
the origin of the potential walls with respect to the θ rotation, we analyzed the structure 
of FAPbI3 at φ = 0° and θ = 80°, which is a geometry located on the potential wall. As 
shown in Figure 3.13b, the number of N–H···I hydrogen bonds less than 3.00 Å is two at 
an FA orientation of φ = 0° and θ = 80°, which is approximately located on (110) plane 
with two iodine ions. In comparison with a stable FA orientation with four hydrogen 
bonds at the φ = 0° and θ = 0° shown in Figure 3.13a, the number of hydrogen bonds for 
stabilizing FA is decreased by the reorientation of FA in the cage of the PbI6 inorganic 
framework.  As a result, two potential walls originating in hydrogen bond cleavages 
appear around θ = 80° and θ = 260° on the PES. In contract to the θ rotation, during φ 
rotation, FA is basically surrounded by four iodine ions and relatively freely rotated with 
keeping hydrogen bonds except for specific geometries φ = 60° and φ = 240° (Figure 
3.16) From the above results, in terms of hydrogen bonds, we can explain the rotational 
anisotropy, which was pointed out by the previous first-principles MD [40]. 
 
 





Figure 3.14. PES for the φ and θ rotations of FA in cubic-phase FAPbI3. The plotted 
energies are relative to the energy of the most stable orientation (φ = 300° and θ = 
340°). 
Figure 3.15. Potential energy curves for φ rotation at θ = 80° calculated from NEB 
method (blue line) and rotational PES (orange line). 




 We also examined an effect of the next cell on the rotational PES using 1 × 1 × 
2 super cell model of cubic-phase FAPbI3. In this model, we rotated a FA in the super cell, 
and the other ions including the next FA can relax freely. As the result, the height of 
rotational energy barriers in super cell decrease from the single cell for both φ and θ 
rotations, because the structural relaxation-degree of freedom of the inorganic framework 
in super cell which is cooperative with FA rotation is larger than that of single cell. The 
heights of the two potential walls on θ rotation at φ = 0°, were 14 kJ mol-1 in single cell, 
become 9 kJ mol-1. And the rotational barrier for φ rotation at θ = 0°, was 10 kJ mol-1 in 
single cell, becomes 6 kJ mol-1 (Figure 3.17). For 1 × 2 × 1 and 2 × 1 × 1 super cell model, 
we obtained similar tendencies of decreased rotational barrier. Even though the barriers 
became lower on the whole, it is consistent with the results in single cell that the φ 
direction is easier to rotate than the θ direction in also super cell. 
 
Figure 3.16. The structures when the FA is orientated at (a) φ = 60° and θ = 0° and (b) 
φ = 60° and θ = 80°, respectively. White, gray, blue, purple, and black spheres 
represent H, C, N, I, and Pb atoms, respectively. 




 From these results, we think that the MA and FA rotations have different effects 
on the anisotropic screening of carrier dynamics [10]. Furthermore, the above result 
indicates that molecular design for the organic cation can control the rotational directions 
and barriers in hybrid perovskites toward designing solar cell materials and ferroelectric 
materials. 
Figure 3.17. The rotational potential energy curves in 1 × 1 × 2 super cell for (top) φ 
rotation at θ = 0° and (bottom) θ rotation at φ = 0°. 
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3.3.4 PESs and barriers for FA rotation in alternative cubic-phase perovskites 
 Here, we discuss the FA rotational motions in the alternative cubic-phase 
perovskites FAPbX3 (X = Cl or Br) and FASnX3 (X = Cl, Br, or I). First, the optimized 
structures of each alternative perovskite are shown in Figure 3.18, and the cell parameters 
are listed in Table 3.6. In all optimized structures, FA is oriented to form four N-H···X (X 
= Cl, Br, or I) hydrogen bonds in the inorganic framework, which is also seen in FAPbI3. 
On the other hand, the hydrogen bond lengths become shorter in the order of Cl-based 
perovskites (2.29 to 2.41 Å) < Br-based perovskites (2.47 to 2.58 Å) < I-based perovskites 
(2.72 to 2.88 Å). In addition, the cell volumes are smaller for lighter halogen-based 
perovskites. This trend in the bond lengths and cell volumes is consistent with the changes 
in the halogen ionic radii, which are 1.67, 1.82, and 2.06 Å for Cl-, Br-, and I-, respectively 
[67]. 
 




Table 3.6. Optimized cell parameters of the cubic-phase alternative perovskites, FAPbX3 
(X = Cl or Br) and FASnX3 (X= Cl, Br, or I). 
perovskites Bravais lattice vectors x/Å y/Å z/Å 
FASnI3 a 6.52 0.08 0.31 
 b 0.08 6.46 -0.06 
 c 0.31 -0.06 6.52 
     FAPbBr3 a 6.12 0.02 0.31 
 b 0.02 6.13 -0.04 
 c 0.32 -0.04 6.11 
     FASnBr3 a 6.17 0.07 0.31 
 b 0.07 6.27 -0.07 
 c 0.31 -0.07 6.17 
     FAPbCl3 a 5.84 -0.01 0.34 
Figure 3.18. Inorganic frameworks and N–H···X hydrogen bonds in the optimized 
structures of cubic-phase (a) FASnI3, (b) FAPbBr3, (c) FASnBr3, (d) FAPbCl3, and (e) 
FASnCl3. White, gray, blue, green, brown, bright black, purple, and black spheres 
represent H, C, N, Cl, Br, Sn, I, and Pb atoms, respectively. 
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perovskites Bravais lattice vectors x/Å y/Å z/Å 
 b -0.01 5.97 -0.01 
 c 0.34 -0.01 5.87 
     FASnCl3 a 5.95 0.05 0.24 
 b 0.04 6.29 -0.03 
 c 0.25 -0.04 5.93 
 
 Next, we discuss the phonon analysis and the rotational PES calculations at an 
FA orientation of φ = 0° and θ = 0° using the optimized structures. The soft phonon 
frequencies of cubic-phase FABX3 (B = Sn or Pb; X = Cl, Br, or I) at the Γ-point are 
shown in Figure 3.19, and the details are listed in Table 3.7, 3.8, 3.9, 3.10, and 3.11, 
respectively. Overall, the soft phonon frequencies increase in the order of Pb-based 
perovskites < Sn-based perovskites for B-site metals and I-based perovskites < Br-based 
perovskites < Cl-based perovskites for X-site halogens. The higher frequencies of the Sn-
based perovskites indicate that the SnX6 inorganic frameworks are more rigid than the 
PbX6 inorganic frameworks. Furthermore, the I-based perovskites have relatively soft BI6 
inorganic frameworks, whereas the Cl-based perovskites have relatively hard BCl6 
inorganic frameworks, as indicated by the increase in the soft phonon frequencies in the 
order of BI6 < BBr6 < BCl6. As discussed above, we reported that the barriers increase in 
perovskites with more rigid inorganic frameworks. Therefore, we can expect that the 
energy barriers for the φ and θ rotations of FA increase in the order of FAPbI3 < FASnI3 
< FAPbBr3 < FASnBr3 < FAPbCl3 < FASnCl3. 
 




Table 3.7. Calculated frequencies and motions of the normal vibrations for cubic-phase 
FASnI3 at Γ point. 
no. frequency/cm-1 motion 
1 0.1i Translation 
2 0.2i Translation 
3 0.3i Translation 
4 18.4 SnI6 tilting and FA rotation on FA plane 
5 23.3 SnI6 tilting and FA rotation on FA plane 
6 34.6 SnI6 tilting and FA rotation on FA plane 
7 37.1 Sn-I-Sn bending and FA translation 
8 42.1 Sn-I-Sn bending and FA translation 
9 45.6 Sn-I-Sn bending and FA translation 
Figure 3.19. Calculated soft phonon frequencies of cubic-phase (a) FAPbI3, (b) 
FASnI3, (c) FAPbBr3, (d) FASnBr3, (e) FAPbCl3, and (f) FASnCl3. Blue, green, and 
black lines are the vibrational levels of φ-type FA rotational motion, θ-type FA 
rotational motion, and the other motions, respectively. 
Shohei Kanno                                 Tokyo Metropolitan University, Japan 
１０８ 
 
no. frequency/cm-1 motion 
10 47.2 Sn-I-Sn bending and FA translation 
11 70.1 Sn-I stretching and FA rotation on FA plane 
12 76.4 Sn-I stretching and θ-type FA rotation 
13 82.6 Sn-I stretching and FA rotation on FA plane 
14 84.2 Sn-I-Sn bending and FA translation 
15 90.3 Sn-I stretching and FA rotation on FA plane 
16 99.7 Sn-I stretching and φ-type FA rotation 
17 103.3 FA rotation on FA plane 
18 153.1 φ-type FA rotation 
19 515.2 N-C-N bending 
20 576.4 H-N-H twisting 
21 625.0 H-N-H wagging 
22 655.3 N-C-N twisting 
23 730.3 N-C-N wagging 
24 987.4 H-N-H rocking 
25 1036.8 C-H out-of-plane bending 
26 1089.0 C-N stretching 
27 1330.4 C-H in-plane bending 
28 1367.1 C-N stretching 
29 1555.3 H-N-H scissoring 
30 1621.1 H-N-H scissoring 
31 1714.5 C-N stretching 
32 3120.1 C-H stretching 
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no. frequency/cm-1 motion 
33 3308.8 N-H stretching 
34 3352.2 N-H stretching 
35 3448.7 N-H stretching 
36 3479.0 N-H stretching 
 
Table 3.8. Calculated frequencies and motions of the normal vibrations for cubic-phase 
FAPbBr3 at Γ point. 
no. frequency/cm-1 motion 
1 0.1i Translation 
2 0.3i Translation 
3 0.4i Translation 
4 12.9 PbBr6 tilting and FA rotation on FA plane 
5 21.2 PbBr6 tilting and FA rotation on FA plane 
6 29.7 Pb-Br-Pb bending and FA translation 
7 40.5 Pb-Br-Pb bending and FA translation 
8 43.6 Pb-Br stretching and FA translation 
9 46.2 Pb-Br-Pb bending and FA translation 
10 47.6 Pb-Br stretching and FA translation 
11 56.1 Pb-Br-Pb bending and FA translation 
12 59.0 Pb-Br stretching and FA translation 
13 61.2 Pb-Br stretching and FA rotation on FA plane 
14 86.0 θ-type FA rotation 
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no. frequency/cm-1 motion 
15 100.5 FA rotation on FA plane 
16 105.3 FA rotation on FA plane 
17 132.3 FA rotation on FA plane 
18 173.0 φ-type FA rotation 
19 525.6 N-C-N bending 
20 587.6 H-N-H twisting 
21 637.4 H-N-H wagging 
22 678.9 N-C-N twisting 
23 741.0 N-C-N wagging 
24 990.0 H-N-H rocking 
25 1037.1 C-H out-of-plane bending 
26 1092.2 C-N stretching 
27 1328.4 C-H in-plane bending 
28 1373.4 C-N stretching 
29 1561.2 H-N-H scissoring 
30 1628.9 H-N-H scissoring 
31 1717.5 C-N stretching 
32 3132.4 C-H stretching 
33 3298.5 N-H stretching 
34 3332.3 N-H stretching 
35 3435.6 N-H stretching 
36 3482.3 N-H stretching 
 
Shohei Kanno                                 Tokyo Metropolitan University, Japan 
１１１ 
 
Table 3.9. Calculated frequencies and motions of the normal vibrations for cubic-phase 
FASnBr3 at Γ point. 
no. frequency/cm-1 motion 
1 0.2i Translation 
2 0.4i Translation 
3 0.7i Translation 
4 25.0 SnBr6 tilting and FA rotation on FA plane 
5 31.6 SnBr6 tilting and FA rotation on FA plane 
6 42.2 SnBr6 tilting and FA translation 
7 46.4 Sn-Br-Sn bending and FA translation 
8 51.0 Sn-Br-Sn bending and FA rotation on FA plane 
9 55.1 Sn-Br-Sn bending and FA translation 
10 62.7 Sn-Br-Sn bending and FA translation 
11 86.3 θ-type FA rotation 
12 94.6 FA rotation on FA plane 
13 103.8 Sn-Br-Sn bending and FA rotation on FA plane 
14 113.5 Sn-Br stretching and FA translation 
15 118.0 Sn-Br stretching and φ-type FA rotation 
16 126.3 FA rotation on FA plane 
17 139.7 Sn-Br stretching 
18 171.9 φ-type FA rotation 
19 525.8 N-C-N bending 
20 598.7 H-N-H twisting 
21 643.7 H-N-H wagging 
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no. frequency/cm-1 motion 
22 683.8 N-C-N twisting 
23 743.6 N-C-N wagging 
24 996.6 H-N-H rocking 
25 1038.1 C-H out-of-plane bending 
26 1093.1 C-N stretching 
27 1331.7 C-H in-plane bending 
28 1371.3 C-N stretching 
29 1565.9 H-N-H scissoring 
30 1631.2 H-N-H scissoring 
31 1715.1 C-N stretching 
32 3130.6 C-H stretching 
33 3290.6 N-H stretching 
34 3343.3 N-H stretching 
35 3443.2 N-H stretching 
36 3461.5 N-H stretching 
 
Table 3.10. Calculated frequencies and motions of the normal vibrations for cubic-phase 
FAPbCl3 at Γ point. 
no. frequency/cm-1 motion 
1 0.1i Translation 
2 0.2i Translation 
3 0.2i Translation 
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no. frequency/cm-1 motion 
4 40.3 PbCl6 tilting and FA rotation on FA plane 
5 51.5 PbCl6 tilting and FA translation 
6 52.4 PbCl6 tilting and FA rotation on FA plane 
7 56.0 Pb-Cl-Pb bending and FA translation 
8 65.6 Pb-Cl-Pb bending and FA translation 
9 66.8 Pb-Cl-Pb bending and FA translation 
10 75.9 Pb-Cl-Pb bending and FA translation 
11 81.6 Pb-Cl stretching 
12 92.7 Pb-Cl stretching and FA rotation on FA plane 
13 96.3 θ-type FA rotation 
14 121.8 Pb-Cl stretching 
15 132.4 Pb-Cl-Pb bending and FA translation 
16 141.5 Pb-Cl-Pb bending and FA rotation on FA plane 
17 168.2 Pb-Cl-Pb bending and FA rotation on FA plane 
18 192.6 φ-type FA rotation 
19 539.7 N-C-N bending 
20 609.2 H-N-H twisting 
21 655.7 H-N-H wagging 
22 710.1 N-C-N twisting 
23 756.6 N-C-N wagging 
24 1002.6 H-N-H rocking 
25 1035.9 C-H out-of-plane bending 
26 1097.1 C-N stretching 
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no. frequency/cm-1 motion 
27 1328.5 C-H in-plane bending 
28 1380.0 C-N stretching 
29 1572.3 H-N-H scissoring 
30 1640.0 H-N-H scissoring 
31 1718.2 C-N stretching 
32 3143.2 C-H stretching 
33 3275.7 N-H stretching 
34 3308.4 N-H stretching 
35 3426.3 N-H stretching 
36 3465.6 N-H stretching 
 
Table 3.11. Calculated frequencies and motions of the normal vibrations for cubic-phase 
FASnCl3 at Γ point. 
no. frequency/cm-1 motion 
1 0.2i  Translation 
2 0.4i  Translation 
3 0.9i  Translation 
4 36.0  PbCl6 tilting and FA translation 
5 43.6  PbCl6 tilting and FA rotation on FA plane 
6 49.6  PbCl6 tilting and FA rotation on FA plane 
7 59.2  PbCl6 tilting and FA translation 
8 80.1  Sn-Cl-Sn bending and FA translation 
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no. frequency/cm-1 motion 
9 82.3  Sn-Cl-Sn bending and FA rotation on FA plane 
10 90.9  Sn-Cl-Sn bending and θ-type FA rotation 
11 93.6  Sn-Cl-Sn bending and θ-type FA rotation 
12 124.0  Sn-Cl-Sn bending and FA translation 
13 143.6  Sn-Cl-Sn bending and FA translation 
14 160.7  Sn-Cl stretching and FA rotation on FA plane 
15 170.7  Sn-Cl stretching and φ-type FA rotation 
16 178.4  Sn-Cl stretching and φ-type FA rotation 
17 196.0  Sn-Cl stretching and φ-type FA rotation 
18 224.0  Sn-Cl stretching 
19 539.8  N-C-N bending 
20 626.3  H-N-H twisting 
21 672.2  H-N-H wagging 
22 722.1  N-C-N twisting 
23 761.3  N-C-N wagging 
24 1019.2  H-N-H rocking 
25 1035.9  C-H out-of-plane bending 
26 1103.7  C-N stretching 
27 1336.9  C-H in-plane bending 
28 1376.3  C-N stretching 
29 1578.7  H-N-H scissoring 
30 1642.8  H-N-H scissoring 
31 1713.5  C-N stretching 
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no. frequency/cm-1 motion 
32 3140.3  C-H stretching 
33 3263.0  N-H stretching 
34 3309.8  N-H stretching 
35 3403.3  N-H stretching 
36 3448.5  N-H stretching 
 
 We estimated the rotational energy barriers of the φ and θ rotations of FA for the 
cubic-phase alternative perovskites FAPbX3 (X = Cl or Br) and FASnX3 (X = Cl, Br, or 
I) from the rotational PES. Figure 3.20 shows the φ and θ rotational PES of FA in cubic-
phase alternative perovskites FAPbX3 (X = Cl or Br) and FASnX3 (X = Cl, Br, or I). Table 
3.12 lists the rotational barriers, which were estimated from the total energy differences 
between the maximum and the minimum potential energies when φ or θ were changed 
from 0° to 360° for all θ or φ orientations. The rotational energy barriers for MA are also 
listed. Similarly, there are two potential walls located around θ = 80° and 260° on the PES 
for all alternative perovskites. For FASnI3, the φ and θ rotational barriers are 4 to 10 and 
11 to 16 kJ mol-1, respectively, which are slightly different from those of FAPbI3 discussed 
above. This behavior in the rotational PES of FA, similar to MA would lead to the liquid-
like reorientational motion for screening of energetic charge carriers [10]. On the other 
hand, for FAPbBr3, the φ and θ rotational barriers are 7 to 17 and 18 to 27 kJ mol
-1, which 
are higher than those of FAPbI3. Furthermore, for FAPbCl3, the rotational barriers 
increase relative to those of FAPbI3, becoming 10 to 21 kJ mol
-1 for φ rotation and 26 to 
38 kJ mol-1 for θ rotation. This trend is consistent with the rigidities of the PbX6 inorganic 
frameworks estimated from the soft phonon frequencies. In addition, a similar trend in 
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the rotational barriers, which increase with lighter halogens, is also seen in the Sn-based 
perovskites. From these rotational barriers, we can expect that FA in the alternative 
perovskites can rotate around the φ-axis at room temperature, where the lowest rotational 
barrier heights are 4 to 10 kJ mol-1. Because the rotational energy barrier of MA is 9.1 kJ 
mol-1 in cubic-phase MAPbI3, MA rotates at room temperature relatively freely [15]. On 
the other hand, the θ rotational motions of FA are frozen in the Br- and Cl-based 
perovskites because of the higher rotational barriers of 14 to 26 kJ ml-1. The increase of 
the θ-type FA rotational barrier heights by halogen substitutions is more remarkable than 
that of the MA rotation. For FA-alternatives perovskites, a better alignment of the FA 
dipole moments is easily achieved and, in particular, Cl-based perovskites can exhibit 
greater ferroelectricity than I-based perovskites and Br-based perovskites. Thus, we have 
found a characteristic of hybrid halide perovskites; that is, the rotational energy barriers 
of organic cations can be controlled by halogen substitution. 
 









Figure 3.20. PESs for φ and θ rotations of FA in cubic-phase (a) FASnI3, (b) FAPbBr3, 
(c) FASnBr3, (d) FAPbCl3, and (e) FASnCl3. The plotted energies are relative to the 
energies of the most stable orientations for each perovskite. 
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Table 3.12. Energy barriers (in kJ mol-1 and meV) for φ and θ rotations of FA in cubic-
phase FABX3 and MA in cubic-phase MAPbI3. 
BX6 framework 
FA rotational energy barrier 
/kJ mol-1 (meV) MA rotational energy barrier 
/kJ mol-1 (meV) φ rotation θ rotation 
PbI6 
4 to 10 
(41 to 104) 
10 to 16 
(104 to 166) 
6 to 11 
(62 to 114) 
SnI6 
4 to 10 
(41 to 104) 
11 to 16 
(114 to 166) 
9 to 11 
(93 to 114) 
PbBr6 
7 to 17 
(73 to 176) 
18 to 27 
(186 to 280) 
10 to 12 
(104 to 124) 
SnBr6 
8 to 14 
(83 to 145) 
14 to 22 
(145 to 228) 
10 to 14 
(104 to 145) 
PbCl6 
10 to 21 
(104 to 218) 
26 to 38 
(269 to 394) 
13 to 18 
(135 to 186) 
SnCl6 
7 to 17 
(73 to 176) 
18 to 23 
(186 to 238) 
15 to 23 
(155 to 238) 
 
 Comparing the Pb- and Sn-based perovskites, the φ and θ rotational barriers in 
the Sn-based perovskites decrease or become almost equal to those of the Pb-based 
perovskites despite the more rigid SnX6 inorganic frameworks. To analyze the difference 
between the φ and θ rotational barriers of FA and the rigidities of the BX6 inorganic 
frameworks, we compared the vibrational coupling between the FA rotational motion and 
the BX6 inorganic framework motion. As shown by the blue lines in Figure 3.19, for the 
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soft phonon modes in Sn-based perovskites, the φ-type rotational motion of FA is coupled 
with Sn-X stretching motions, and the vibrational level of the FA motion splits into two 
levels in FASnI3 and FASnBr3 and three levels in FASnCl3. Furthermore, as shown by the 
green lines in Figure 3.19, the θ-type rotational motion of FA is coupled with the Sn-Cl-
Sn bending motion in FASnCl3. These couplings between the φ- or θ-type rotational 
motions of FA and the PbX6 inorganic framework do not appear in Pb-based perovskites 
and are typical of Sn-based perovskites. From this analysis, we can expect that the 
structural relaxation of the SnX6 inorganic framework via vibrational motion is more 
cooperative with the rotation of FA in the cage of the inorganic framework than that of 
the Pb-based perovskites. As the results, the rotational energy barriers of FA in Sn-based 
perovskites become relatively small compared with those of the Pb-based perovskites. 
These results suggest that the coupling between motions of rotations and inorganic 
framework should be carefully tuned to obtain a desirable rotation barrier. 
3.3.5 Rotational PES and barrier for GA rotation in cubic-phase GASnI3 
 Figure 3.21aa shows the optimized structure of cubic-phase GASnI3, and the cell 
parameters are listed in Table 3.13. As seen in Table 3.13, the optimized crystal structure 
slightly overestimates the Bravais lattice vectors relative to the experimental values [44]. 
GA is approximately orientated on the (111) plane with six iodine ions to form N–H···I 
hydrogen bonds in a cage within the SnI6 inorganic framework, which is slightly distorted 
by displacements of the iodide ions involved in forming the hydrogen bonds. The 
hydrogen bond lengths are 2.73–2.75 Å. The number of N–H···I hydrogen bonds in the 
unit cell is six, which is greater than the number in MA- and FA-based perovskites (three 
and four, respectively). Moreover, as seen in Figure 3.5 and 3.13, the hydrogen bond 
lengths are shorter than those in MAPbI3 (2.88–2.98 Å) and FAPbI3 (2.77–2.90), 
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suggesting that GA has greater hydrogen bonding capability and stronger N–H···I 
hydrogen bonds than those of MA and FA. Therefore, we can expect that GA is strongly 
fixed by N–H···I hydrogen bonds and that its crystallographic rotational energy barrier is 
greater than that of MA and FA. 
 
 
Table 3.13. Calculated and experimental Bravais lattice vectors for cubic-phase GASnI3. 
method Bravais lattice vectors x/Å y/Å z/Å 
calculationa a 6.51 0.00 0.00 
 b 0.52 6.51 0.00 
 c 0.47 -0.51 6.40 
     experimentb a 6.23 0.00 0.00 
 b 0.00 6.23 0.00 
Figure 3.21. SnI6 inorganic framework and N–H···I hydrogen bonds in (a) the 
optimized structure as C2 = 0° and C3 = 0° and (b) the structure at C2 = 90° and C3 = 
0°. White, gray, blue, purple, and black spheres represent H, C, N, I, and Sn atoms, 
respectively. 
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method Bravais lattice vectors x/Å y/Å z/Å 
 c 0.00 0.00 6.23 
aCalculated values for cubic-phase GASnI3 with GA orientated to C2 = 0° and C3 = 0° in 
the unit cell. bExperimental values for cubic-phase GASnI3 [44].
23 
 
 Figure 3.22 illustrates the C2 and C3 rotational PES of GA in cubic-phase GASnI3. 
As seen, the minimum rotational barrier height to rotate around the C3 axis from 0° to 
120° is only 4.6 kJ mol-1 at C2 = 170°. This rotational barrier height is relativity small 
compared with that of MA in cubic-phase GAPbI3, which is 9.1 kJ mol
-1 on the basis of 
experimental measurement and 9 kJ mol-1 [15]. By comparison, to rotate around the C2 
axis from 0° to 180° at all C3 angles, GA must surmount a relatively high potential energy 
wall, which is illustrated as the green region in Figure 3.22. The potential energy height 
for C2 rotation ranges from 15.4 to 31.5 kJ mol
-1, which is notably higher than the barrier 
height for C3 rotation. This result suggests that the rotational direction of GA exhibits 
distinct anisotropy: GA can rotate relativity freely around the C3 axis with a low potential 
energy barrier; however, rotational motion around the C2 axis is strongly restricted by the 
relatively high potential energy in the crystal. 
 




 In order to investigate the origin of this rotational anisotropy, we analyzed the 
structures for each GA orientation in terms of N–H···I hydrogen bonds. As discussed 
above, GA is orientated on the (111) plane with six N–H···I hydrogen bonds in the 
most stable structure (C2 = 0° and C3 = 0°). For rotations around the C3 axis in the most 
stable or similar orientations, GA approximately rotates on the (111) plane where six 
iodine ions are located, and new N–H···I hydrogen bonds are formed immediately after 
the hydrogen bonds are cleaved following C3 rotation. Therefore, minimal destabilization 
occurs following cleavage of the original hydrogen bonds, leading to a relatively small 
C3 rotational barrier height. In contrast, the C2 rotational barrier height is higher than that 
of C3 rotation. Indeed, when GA rotates around the C2 axis from C2 = 0° and C3 = 0°, an 
energy barrier of 31.5 kJ mol-1 is encountered at C2 = 90°. At the potential energy barrier 
located at C2 = 90° and C3 = 0°, GA is approximately orientated on the (110) plane 
Figure 3.22. Rotational PES for C2 and C3 rotations of GA in cubic-phase GASnI3. 
The plotted energies are relative to the energy of the most stable orientation (C2 = 0° 
and C3 = 0°). 
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(Figure 3.21b), in which only two iodine ions are present. Thus, it is difficult to form an 
effective number of N–H···I hydrogen bonds between GA and the SnI6 inorganic 
framework. Therefore, destabilization caused by hydrogen bond cleavage is greater for 
C2 rotation than for C3 rotation, as evidenced by the relatively large potential energy 
barrier located at C2 = 90°. From this analysis, we found that GA mainly rotates around 
C3 axis on approximate (111) plane, and the effective number of N–H···I hydrogen 
bonds is preserved during the C3 rotation. Furthermore, we also investigated the 
passivation effect for the valence band through the hydrogen bonds. Figure 3.23 illustrates 
the density of states in the cubic-phase GAPbI3 at the most stable GA orientation (C2 = 
0° and C3 = 0°) and the unstable orientation (C2 = 90° and C3 = 0°). For each orientation, 
the conduction band minimums are located around 3 eV, and the band gaps are about 1.1 
to 1.5 eV, which are consistent with experimental band gap (1.53 to 1.55 eV) [41]. On the 
other hand, the valence band maximums are different for each GA orientation: The 
valence band maximum level at stable GA orientation is stabilized by 0.4 eV in 
comparison with unstable GA orientation. Furthermore, we compare the band gaps in 
MASnI3, FASnI3, and GASnI3 with the most stable organic cation orientations. The band 
gaps increased in the order of MASnI3 (0.91 eV) < FASnI3 (1.08 eV) < GASnI3 (1.14 eV). 
We think that this stabilization of the valence band is affected by the passivation effect 
through six N–H···I hydrogen bonds at the most stable GA orientation. This result 
indicates that GA with possible six hydrogen bonds is superior to MA and FA with 
possible three and four hydrogen bonds from viewpoints of coordination to iodine, which 
is consistent with the experimental speculation that carrier lifetimes and open-circuit 
voltages in GA-based perovskites are enhanced by passivation of recombination/trap 
centers through hydrogen bonds between GA and under-coordinated iodine [41]. 




 We did not evaluate free energies of GA rotational motions by molecular 
dynamics or other methodologies. The reason is as follows: since we obtained the MA 
and FA rotations similar to those of the molecular dynamics studies [19,40],15,17 GA is 
one of organic cations and probably exhibits a behavior similar to those of MA and FA. 
 In order to investigate the effect of the adjacent cell on the C2 and C3 rotations, 
we calculated the rotational potential energy curves (PECs) for two types of super cell 
models: 2 * 1 * 1 and 2 * 2 * 2. Each super cell model was constructed by extending the 
aforementioned cubic-phase cell at C2 = 0° and C3 = 0°. In the rotational PEC calculations, 
the C2 rotation at C3 = 0° and the C3 rotation at C2 = 0° were examined and the structural 
relaxation of ions in the next cell was considered. Figure 3.24a–b illustrates the C2 and 
the C3 rotational PECs in the single cubic-phase cell (equivalent to Figure 3.22) and the 
2 * 1 * 1 and 2 * 2 * 2 super cells. For all cell models, potential energy barriers for the C2 
rotations are located at C2 = 90°, and the C2 rotational barrier heights are greater than the 
C3 rotational barriers. We also investigated the PECs in 1 * 2 * 1 and 1 * 1 * 2 super cells 
Figure 3.23. Density of states in cubic-phase GAPbI3 at the most stable GA orientation 
(C2 = 0° and C3 = 0°) (black line) and unstable GA orientation (C2 = 90° and C3 = 0°) 
(red line). 
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and confirmed that the tendency of PECs is consistent with that in 2 * 1 * 1 super cell 
(see Figure 3.25). Therefore, the C2 rotational barrier height is high in nature, and the fact 
that C2 rotational motion is strongly restricted in the crystal does not depend on the cell 
model. In the following, we discuss C2 and C3 rotational PES for alternative perovskites 
using single cubic-phase cell models. 
Figure 3.24. PECs for (a) C2 rotation and (b) C3 rotation. Black, red, and blue lines 
and circles of each calculated PEC represent the single cubic-phase cell, 2 * 1 * 1 
super cell, and 2 * 2 * 2 super cell, respectively. The plotted energies are relative to 
the energy of the most stable orientation in each cell model. 




3.3.6 Rotational PES and barrier for GA rotation in alternative cubic-phase 
perovskites 
 Here, we discuss the GA rotational motions in the alternative cubic-phase 
perovskites GAPbX3 (X = I, Br, or Cl) and GASnX3 (X = Br or Cl). Note that synthesis 
Figure 3.25. PECs for (a) C2 rotation and (b) C3 rotation. Black, red, green, and blue 
lines and circles of each calculated PEC represent the single cubic-phase cell and 2 * 
1 * 1, 1 * 2 * 1, and 1 * 1 * 2 super cells, respectively. The plotted energies are relative 
to the energy of the most stable orientation in each cell model. 
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of these GA-based perovskites has not yet been reported due to their unbalanced tolerance 
factors. Nevertheless, it is important to analyze such perovskites theoretically to inspire 
experimental progress and characterize their electronic structure. First, the optimized 
structures of each alternative perovskite are shown in Figure 3.26a–e, and the cell 
parameters are listed in Table 3.14. In all optimized structures, GA is oriented to form six 
N–H···X (X = Cl, Br, or I) hydrogen bonds within the inorganic framework, which is also 
seen in GASnI3 discussed above. The hydrogen bond lengths become shorter in the order 
of Cl-based (2.34–2.47 Å) < Br-based (2.49–2.61 Å) < I-based (2.72–2.75 Å) perovskites. 
In addition, the cell volumes are smaller for the lighter halogen-based perovskites. These 
bond length and cell volume trends are consistent with the changes in the halogen ionic 
radii, which are 1.67, 1.82, and 2.06 Å for Cl-, Br-, and I-, respectively [67].36 




Table 3.14. Optimized cell parameters of the alternative cubic-phase perovskites 
GAPbX3 (X = I, Br, or Cl) and GASnX3 (X= Br or Cl). 
perovskites Bravais lattice vectors x/Å y/Å z/Å 
GAPbI3 a 6.49 0.00 0.00 
 b 0.49 6.47 0.00 
 c 0.46 -0.50 6.45 
     GAPbBr3 a 6.15 0.00 0.00 
 b 0.50 6.13 0.00 
 c 0.48 -0.52 6.10 
     GAPbCl3 a 5.96 0.00 0.00 
 b 0.43 5.94 0.00 
 c 0.41 -0.44 5.92 
     
Figure 3.26. Inorganic frameworks and N–H···X (X = Cl, Br, or I) hydrogen bonds in 
the optimized structures of cubic-phase (a) GAPbI3, (b) GAPbBr3, (c) GAPbCl3, (d) 
GASnBr3, and (e) GASnCl3. White, gray, blue, green, brown, bright black, purple, and 
black spheres represent H, C, N, Cl, Br, Sn, I, and Pb atoms, respectively. 
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perovskites Bravais lattice vectors x/Å y/Å z/Å 
GASnBr3 a 6.23 0.00 0.00 
 b 0.70 6.20 0.00 
 c 0.33 -0.36 6.15 
     GASnCl3 a 6.04 0.00 0.00 
 b 0.76 6.00 0.00 
 c 0.24 -0.27 5.91 
 
 Next, we estimated the rotational energy barriers for the C2 and C3 rotations of 
GA for the alternative cubic-phase perovskites GAPbX3 (X = I, Br, or Cl) and GASnX3 
(X = Br or Cl) from the rotational PES. Figure 3.27a–e shows the C2 and C3 rotational 
PES of GA in these alternative perovskites. Table 3.15 lists the rotational barriers 
estimated from the total energy differences for two rotational pathways. One is the C2 
rotational motion from the most stable orientation (C2 = 0° and C3 = 0°) to the orientation 
of C2 = 180° and C3 = 0°, and another one is the C3 rotational motion from C2 = 0° and 
C3 = 0° to C2 = 0° and C3 = 120°. As seen, there are potential walls located around C2 = 
90° on the PES for all alternative perovskites. For GAPbI3, the C2 and C3 rotational 
barriers are 29.5 and 5.0 kJ mol-1, respectively, which differ slightly from those of GASnI3 
discussed above. Therefore, a very low C3 rotational energy barrier of ~5 kJ mol
-1 for GA 
exists in cubic-phase GAPbI3. For C2 rotation, however, GA must surmount a minimum 
potential energy barrier of ~30 kJ mol-1, and this rotation is probably fixed at room 
temperature. By comparison, the C2 and C3 rotational barriers for GAPbBr3 are 46.8 and 
10.4 kJ mol-1, respectively, which are higher than those of GASnI3 and GAPbI3. 
Furthermore, for GAPbCl3, the rotational barriers increase more relative to those of 
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GASnI3, becoming 51.0 kJ mol
-1 for C2 rotation and 15.3 kJ mol
-1 for C3 rotation. From 
these rotational barriers, we can expect that GA in the alternative perovskites can rotate 
around the C3 axis at room temperature, where the rotational barrier heights are 5 to 15 
kJ mol-1. This is especially likely since the rotational energy barrier of MA is 9.1 kJ mol-
1 in cubic-phase MAPbI3 and MA rotates relatively freely at room temperature [15]. 
However, the C2 rotational motion of GA is likely to be fixed in cubic-phase GASnI3 and 
the alternative perovskites because of the higher rotational barriers of 30 to 50 kJ mol-1. 
The increase of the C2-type GA rotational barrier heights by halogen substitutions is more 
remarkable than for the C3 rotations. In the GA-based perovskites, GA can only rotate 
around the C3 axis on approximate (111) planes. In the rotational motions, new N–
H···X (X = I, Br, or Cl) hydrogen bonds are formed immediately after the hydrogen bonds 
cleave. However, C2-type rotation, which cleaves the N–H···X hydrogen bonds, is 
strongly restricted because of its high rotational energy barrier. On this basis, we expect 
the hydrogen bonds between organic cations and inorganic frameworks to persist in GA-
based perovskites on account of six hydrogen bonds. Therefore, even for the alternative 
perovskites, passivation of under-coordinated iodine ions by GA at grain boundaries and 
within the bulk through N-H···I hydrogen bonds can be more expected than for MA and 
FA. 










Table 3.15. Rotational energy barriers for C2 and C3 rotations of GA in cubic-phase 
GABX3 (B = Pb or Sn; X = I, Br, or Cl). 
BX6 framework 
rotational energy barrier / kJ mol-1 
C2 rotation C3 rotation 
SnI6 31.5 5.4 
PbI6 29.5 5.0 
PbBr6 46.8 10.4 
PbCl6 51.0 15.3 
SnBr6 37.4 9.6 
SnCl6 41.9 14.7 
 
 To investigate the influence of structural relaxation of the BX6 inorganic 
frameworks on the rotational barriers of GA, we performed vibrational analysis of cubic-
Figure 3.27. Rotational PES for C2 and C3 rotations of GA in cubic-phase (a) GAPbI3, 
(b) GAPbBr3, (c) GAPbCl3, (d) GASnBr3, and (e) GASnCl3. The plotted energies are 
relative to the energies of the most stable orientations for each perovskite. 
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phase GABX3 (B = Pb or Sn; X = I, Br, or Cl). Figure 3.28 shows the normal frequencies 
of the soft phonon modes of the BX6 inorganic frameworks at the Γ point for each 
perovskite. Illustrated as red lines in Figure 3.28, most of the soft phonon modes of the 
inorganic frameworks involve coupling with the translational or rotational motions of GA. 
Therefore, GA is strongly associated with the inorganic framework via N-H···I hydrogen 
bonds, and it is impossible to separate the rotational motion of GA from the coupled 
relaxational motion of the inorganic framework. The lowest frequencies of the soft 
phonon modes are 13.6 cm-1 for GAPbI3, 30.9 cm
-1 for GASnI3, 35.2 cm
-1 for GAPbBr3, 
34.3 cm-1 for GASnBr3, 53.6 cm
-1 for GAPbCl3, and 48.4 cm
-1 for GASnCl3. The higher 
frequencies of the lighter halogen-based perovskites indicate that the BX6 inorganic 
frameworks are more rigid than the BI6 frameworks. These tendencies reveal that 
halogens have a larger influence on the inorganic framework hardness than metals. The 
hardness of the BX6 inorganic frameworks in cubic-phase GABX3 (B = Pb or Sn, X = I, 
Br, or Cl) increases in the order of PbI6 < SnI6 < SnBr6 < PbBr6 < SnCl6 < PbCl6. This 
trend is consistent with that described above for the high-energy orientations of GA 











 We compared the rotational energy barriers and relaxation times of the MA in 
the cubic phase of Pb- or Sn-based perovskites with one of three halogens: Cl, Br, or I, 
by fully relaxing the inorganic framework. For MAPbI3, we accurately reproduced the 
rotational barrier for MA reorientation corresponding to the four-fold rotational symmetry 
of the C–N axis (C4). We found that the energy barrier height for MA rotation is very low 
because of structural relaxation of the PbI6 framework induced by the reorientation of 
MA. It is scientifically intriguing that the relaxation of the PbI6 framework in a solid 
appears similar to solvation in a liquid because Pb and I in the PbI6 framework move by 
0.7–1.4 Å during the course of relaxation. Thus, we theoretically demonstrated that the 
Figure 3.28. Calculated soft phonon frequencies of cubic-phase GABX3 (B = Pb or 
Sn; X = I, Br, or Cl). Black and red lines are the vibrational levels of non-coupling 
inorganic framework motion and inorganic framework motion coupling, respectively, 
with translational or rotational motions of GA. 
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mobility and lifetimes of charge carriers can be enhanced by the liquid-like reorientational 
motion of MA, which may lead to protection of energetic charge carriers and screening 
on sufficiently fast timescales [10]. 
 We also examined the rotational barriers for MA reorientation corresponding to 
the C4 mode in alternative cubic-phase perovskites, MAPbX3 (X = Cl or Br) and MASnX3 
(X = Cl, Br, or I). The calculated rotational barrier heights for the C4 mode increase in the 
order of MAPbI3 < MASnI3 < MAPbBr3 < MASnBr3 < MAPbCl3 < MASnCl3, which is 
consistent with the trend for the hardness of the BX6 (B = Pb or Sn, X = Cl, Br, or I) 
frameworks estimated from the phonon analysis. This result revealed that the rotational 
barrier heights for the C4 mode in the Sn-based perovskites are higher than those in the 
Pb-based perovskites. Furthermore, we revealed that the rotational barrier heights 
increase in the order of I-based perovskites < Br-based perovskites < Cl-based perovskites 
by halogen exchange. Therefore, room-temperature ferroelectricity, which has not been 
observed in MAPbI3, is expected in Cl-based perovskites owing to the restricted dynamic 
orientational disorder of MA [9]. This work offers valuable knowledge for the design of 
ferroelectric materials. 
 In addition, we have theoretically examined the rotational energy barriers of FA 
in cubic-phase FAPbI3 and compared these with the energy barriers of MA rotation. For 
FAPbI3, the rotational potential energy surface (PES) of FA shows a strong anisotropy, 
which is not present in the PES of MA in MAPbI3. We found that FA can relatively freely 
rotate around the N-N bond axis (φ), and a rotation around the axis penetrating the C atom 
and the center of gravity in FA (θ) is restricted by the potential walls on the PES. On the 
other hand, for MAPbI3, the MA rotation does not show the weak dependence on 
rotational direction, and MA can rotate freely around various rotational axes. This 
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difference in the rotational energy barriers originates from the different number of N–
H···I hydrogen bonds during each rotational motion. Therefore, the rotational motions of 
organic cations are controllable by the rational design of hydrogen bond networks; for 
example, the introduction/removal of polarized bonds, such as N-H and O-H, could be 
used to tune the rotational motion. Furthermore, the controlled rotational motions play a 
unique role in the carrier dynamics and electric properties, such as ferroelectricity. 
 We also examined the rotational barriers for FA reorientation corresponding to 
the φ and θ rotational motions in the cubic-phase alternative perovskites FAPbX3 (X = Cl 
or Br) and FASnX3 (X = Cl, Br, or I). From the calculated rotational PES, we found that 
the rotational barrier heights for the φ and θ motions increase in the order of I-based 
perovskites < Br-based perovskites < Cl-based perovskites. In particular, the halogen 
substitution strongly affected the θ rotational barrier heights. This trend is consistent with 
the MA rotations in the alternative perovskites. However, the substitution of the B-site 
metals Pb and Sn affected the rotational energy barrier of FA in a different manner. We 
found that the φ and θ rotational barrier heights of FA decreased in the Sn-based 
perovskites compared to those of Pb-based perovskites because the vibrational motions 
were more cooperative with the FA rotations than those of PbX6. Through the 
investigation on alternative perovskites, halogen substitution for FA perovskites enhances 
the rotational barrier over MA perovskites and is effective for controlling the cation 
rotation.  
 The above study demonstrates design rules for controlling the rotational barrier 
by modifying the number of hydrogen bonds and halogen substitution; that is, 
increasing/decreasing the number of hydrogen bonds and the coupling between the 
motion of the rotations and halogen-containing inorganic framework. We expect that the 
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current research offers design rules by hydrogen bonds and halogen substitution, which 
will lead to the development of more efficient solar cells and other functional materials. 
 Furthermore, we have theoretically examined the rotational PES and the 
rotational energy barriers of GA in cubic-phase GASnI3 around the C2 and C3 axes of GA, 
with GA having approximate D3h symmetry in the crystal. From the rotational PES, we 
found that GA can rotate relatively freely around the C3 axis on account of its very low 
rotational energy barrier (~4 kJ mol-1 at a minimum). To rotate around the C2 axis, 
however, GA must surmount a high potential energy barrier (~15 kJ mol-1 at a minimum) 
located around C2 = 90°. Therefore, it is very likely that GA can rotate around the C3 axis 
but not the C2 axis in cubic-phase GASnI3. In order to investigate why the rotational 
energy barriers differ for these two rotational axes, we analyzed the formation and 
cleavage of N–H···I hydrogen bonds between GA and the SnI6 inorganic framework 
during the two rotational motions. For C3 rotational motion with low energy barriers, GA 
rotates on an approximate (111) plane in the crystal. Six iodine ions exist on this plane, 
and new hydrogen bonds form immediately after the hydrogen bonds cleave during C3 
rotation. For C2 rotation, however, GA must proceed through approximate (110) planes, 
in which only two iodine ions are located; consequently, GA becomes destabilized 
following cleavage of its hydrogen bonds. From this analysis, we expect that GA is 
stabilized and orientated on the (111) plane in cubic-phase GASnI3 with six N–H···I 
hydrogen bonds, which are not possible for FA and MA because of the limited number of 
hydrogen bonds (three and four). Furthermore, a more effective passivation for under-
coordinated iodine ions at grain boundaries and within the bulk via hydrogen bonds is 
expected for GA-based perovskites than for MA- and FA-based perovskites, and the band 
gap is increased by the passivation. Therefore, our result is consistent with the 
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experimental speculation that carrier lifetimes and open-circuit voltages are enhanced by 
the passivation of recombination/trap center through the hydrogen bonds in GA-based 
perovskites [41]. 
 We also examined the C2 and C3 rotational energy barriers of GA reorientation 
in the alternative cubic-phase perovskites GAPbX3 (X = I, Br, or Cl) and GASnX3 (X = 
Br or Cl). From the rotational PES, we found that the rotational energy barrier heights for 
the C2 and C3 motions increase in the lighter halogen-based perovskites. In particular, 
halogen substitution strongly affected the C2 rotational energy barrier heights. This trend 
is consistent with the MA and FA rotations in similar alternative perovskites. However, 
substitution of the B-site metals Pb and Sn has little effect on the rotational energy barrier 
heights of GA. From the vibrational analysis, we found that most of the soft phonon 
modes of the inorganic frameworks involve coupling with the GA motions, and the 
rotational energy barriers become relatively high in perovskites with relatively high-
frequency phonons of the inorganic frameworks. Therefore, it is not possible to separate 
the rotational motions of GA from the relaxational motions of the inorganic frameworks, 
and the rotational energy barrier increases in rigid inorganic framework perovskites. 
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Chapter 4. Materials Informatics Study on Alternative 
Materials for Perovskite Solar Cells 
4.1 Introduction 
 Organic-inorganic hybrid perovskites such as methylammonium lead iodide 
(MAPbI3) have enormous potential as solar cell materials because of their suitable band 
gaps for solar light absorption [1], very small exciton binding energies [2], and long 
carrier diffusion lengths [3]. The power conversion efficiency (PCE) of perovskite solar 
cells (PSCs) skyrocketed from 3.8% in 2009 to 23.3% in 2018 [4,5]. In the developments, 
various double-perovskite compounds such as (FAPbI3)0.95(MAPbBr3)0.05 have been 
examined for improvement of the PCE and the thermochemical stability [6]. Therefore, 
PSCs are prime candidates for next-generation solar cells and are expected to provide a 
solution to the energy problem. However, the toxicity of lead-based hybrid perovskites is 
a serious obstacle to their practical application [7]. To avoid the toxicity of lead, lead-free 
hybrid perovskites in which other ions are substituted for lead have been examined both 
experimentally and using computational simulations [8–16]. However, the PCEs of lead-
free PSCs based on MASnI3, which is widely used as an alternative to lead-based 
perovskites, are significantly lower than the PCEs of lead-based PSCs [5,8]. Additionally, 
SnI2, which is the main degradation product of tin-based perovskites, may present even 
greater toxicity concerns than lead-based perovskites [17]. Thus, the development of 
novel lead-free perovskites with high photovoltaic performance is required. Especially, 
the double-perovskite composition AA'BB'X3X'3 which can show relatively high PCE 
and stability should be intensively investigated. However, because the amount of 
considerable double-perovskite compositions is a wide range, it is very difficult to 
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perform the material searchs based on conventional experiments or computational 
simulations. 
 Recently, data-driven machine learning and materials informatics have 
succeeded in the discovery of novel materials such as solid-state electrolytes [18], organic 
lightemitting diodes [19], shape memory alloys [20], piezoelectrics [21], and polymers 
for organic photovoltaics [22]. These approaches have also been employed for crystal 
structure prediction [23–26], physical property prediction [27–32], and high-throughput 
computational screening [33,34]. Accordingly, massive and efficient material design 
based on machine learning and materials informatics has attracted significant attention in 
the field of materials science. 
 In this study, we developed a massive and highly efficient material-search 
scheme based on materials informatics and applied it to the screening of over 28 million 
AA'BB'X3X'3 double-perovskite candidates. In this material-search scheme, in addition 
to the semiconductor properties of the candidates such as the band gap and carrier 
effective mass, the synthetic feasibility, toxicity, and cost, which were rarely considered 
in previous studies, were systematically analyzed using an informatics strategy based on 
a combination of experimental and the theoretical databases built from our calculations. 
To date, many lead-free and tin-free perovskites have been reported from material 
searches based on computational simulations [14–16]. However, there have been no 
successful experimental reports regarding the alternative perovskites proposed from these 
computational simulations, possibly because these previous reports used only theoretical 
databases from first-principles calculations. In particular, it is difficult to calculate the 
band gaps of hybrid perovskites because of the electron correlation and the strong spin-
orbit coupling [35]. In this study, we estimate band gaps based on the experimental 
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databases to guide material searches for PSCs. Through the screening of 28 million 
candidates, we identified alternative perovskites with suitable semiconductor properties, 
stable cubic- or pseudocubic structures, low toxicity, and low cost for use in PSCs. 
4.2 Computational Details 
4.2.1 Machine learning models for band gap prediction 
 To train the machine learning model for band gap prediction, a training dataset 
of high quality is required. Past studies have employed band gap datasets evaluated by 
first-principles calculations [36,37]. However, studies indicated that electron correlation 
and relativistic spin-orbit coupling (SOC) play important roles in the band gap 
calculations of PSC materials [35]. To determine the efficacy of the band gap learning 
model, we used an experimental band gap dataset of 282 perovskites. In this dataset, 132 
AA'BB'X3X'3 double perovskites were collected, and 150 ABX3 single perovskites were 
collected as A2B2X6 double perovskites (A = A', B = B', and X = X'). In addition, 37 
perovskites were determined as PSC materials, and 245 perovskites were studied on other 
materials. The compositions and band gaps are listed in Table 4.1. In Table 4.1, MA, FA, 
and MFA are the symbols for methylammonium (CH3NH3
+), formamidinium 
(HC(NH2)2
+), and methylformamidinium (CH3C(NH2)2
+), respectively. Figure 4.1 
illustrates the distribution of the 282 collected band gaps. The band gaps of the collected 
perovskites take wide and impartial values from 0 to 7 eV. 
 To define the feature vectors for each AA'BB'X3X'3 double perovskite, we used 
atomic and ionic features of the six constituent ions (A, A', B, B', X, and X') of the 
perovskite. For each ion, we used nine elemental features (viz. first ionization potential, 
electron affinity, Mulliken electronegativity, ionic radius, group number, Pettifor’s 
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Mendeleev number [38], ionic HOMO level, ionic LUMO level, and ionic HOMO-
LUMO gap). Therefore, an AA'BB'X3X'3 double perovskite is described by a 54-
dimensional feature vector in the target chemical space. As the ionic radius, the ionic radii 
from Shannon were employed for single-atom ions [39]. Contrarily, the effective radii 
based on a rigid shape model were used for organic ions such as MA [40]. To define 
Pettifor’s Mendeleev numbers for organic ions, the cesium number was used for organic 
cations such as MA because cesium is experimentally employed as an alternative ion for 
MA in hybrid perovskites, and the structural role of cesium in crystal is similar to that of 
organic cations [41,42]. In addition, Pettifor’s Mendeleev numbers of Eu and Yb were 
determined as mean values between Sm and Gd and between Tm and Lu, respectively. o 
determine the first ionization potentials and electron affinities for organic molecules and 
ionic HOMO/LUMO levels for all ions, density functional theory (DFT) calculations 
were carried out by an ANO-RCC basis set and a Becke three-parameter Lee-Yang-Parr 
(B3LYP) exchange correlation functional with a scalar relativistic second-order Douglas-
Kroll-Hess (DKH2) Hamiltonian in the GAUSSIAN09 program package [43–53]. The 
molecular ions, the structures were optimized before calculations of the features. For 
cationic molecules such as MA, the structures were optimized in the cation states. In 
addition, the structure of BH4 was optimized as the anion state. The first ionization 
potentials and the electron affinities of molecules were calculated by the total energy 
differences between the cation state and the neutral state and between the neutral state 
and anion state, respectively. The features for each element and organic molecule are 
summarized in Table 4.2. 
 Using the band gap data set and the feature vectors, we validated machine 
learning models for band gap prediction. Figure 4.2 illustrates the validation process. In 
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this process, the band gap dataset was randomly split into a training set and a test set in 
ratios of 80% and 20%. Ten pairs of a fitting set and a validation set with ratios of 60% 
and 40% were generated from random splits in the training set. Using the fitting sets, 
validation sets, and test sets, the accuracy of the band gap predictor was validated. As the 
preprocess for regression coefficient fitting and cross-validation, the features were scaled 
by normalization, and the dimension of the feature vector was reduced from 54 
dimensions to 15 dimensions by principal component analysis (PCA). After the 
preprocessing, machine learning models were trained via fitting and cross-validation 
using the 10 pairs of the fitting set and the validation set. Next, the trained machine 
learning models were tested using the test set. In order to investigate the generality of the 
machine learning models, this process was iterated for 50 cycles with different random 
seeds to split the band gap data set, and the accuracies of the machine learning models 
were assessed by averaging R2 values for the training sets (𝑅train
2 ) and test sets (𝑅test
2 ).  
 The averaged 𝑅train
2 , averaged 𝑅test
2 , and root mean squared errors (RMSEs) in 
the test set for each regression model are listed in Table 4.3. In this assessment, we 
employed multiple linear regression (MLR), Ridge regression, Lasso regression, support 
vector machine regression (SVR) with a linear kernel or Gaussian kernel, and Gaussian 
process regression (GPR) with a Gaussian kernel as regression models. These are 
implemented in the scikit-learn library [54]. In addition, ensemble learning models such 
as random forest and neural network are also known as powerful regression models. 
However, in this study, the number of data sets was insufficient to perform these 
regressions, and they were not reasonable for this study. For linear-regression-based 
prediction models (MLR, Ridge regression, Lasso regression, and SVR with a linear 
kernel), the averaged 𝑅train
2  and averaged 𝑅test
2  are very low; hence, these models 
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cannot predict the band gaps of perovskites. On the other hand, for nonlinear regression-
based prediction models (SVR and GPR with a Gaussian kernel), the prediction 
accuracies are dramatically improved. This result implies that nonlinear correlation 
between the band gap and the features is important for band gap prediction, and similar 
perovskites show similar band gaps. In particular, SVR with a Gaussian kernel shows the 
best prediction accuracy in our examination, and the averaged 𝑅train
2 , averaged 𝑅test
2 , 
and RMSE in the test set are 0.89, 0.65, and 0.81 eV, respectively. We employed this SVR 
with a Gaussian kernel as the band gap predictor. To improve the prediction accuracy, 
additional band gap data are required. We believe that our machine learning model will 
be improved by an expanded band gap dataset in the future. 
  




Figure 4.1. Band gap distribution of 282 collected perovskites. 
Figure 4.2. Training and test processes for machine learning models for band gap 
prediction. Percentages in figure are split ratios for each set. Random seed for (1) 
Random was changed every time in 50 iterations, and random seed for (2) Random 
was fixed in the iterations. 
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Table 4.1. Compositions and band gaps of 282 collected perovskites. MA, FA, and MFA 





Composition A A' B B' X X' Band gap / eV Reference 
Ag2Nb2O6 Ag Ag Nb Nb O O 2.8 [55] 
Ag2Ta2O6 Ag Ag Ta Ta O O 3.4 [55] 
Ba2Ce2O6 Ba Ba Ce Ce O O 4.23 [56] 
Ba2Fe2O6 Ba Ba Fe Fe O O 1.8 [57] 
Ba2Hf2O6 Ba Ba Hf Hf O O 5.7 [58] 
Ba2Nb2O6 Ba Ba Nb Nb O O 2.3 [59] 
Ba2Pb2O6 Ba Ba Pb Pb O O 0 [60] 
Ba2Pr2O6 Ba Ba Pr Pr O O 2 [61] 
Ba2Sn2O6 Ba Ba Sn Sn O O 3.4 [62] 
Ba2Tb2O6 Ba Ba Tb Tb O O 2.3 [61] 
Ba2Ti2O6 Ba Ba Ti Ti O O 3.23 [63] 
Ba2Zr2O6 Ba Ba Zr Zr O O 4.8 [56] 
Ba2Zr2S6 Ba Ba Zr Zr S S 1.74 [64] 
Bi2Co2O6 Bi Bi Co Co O O 1.7 [65] 
Bi2Cr2O6 Bi Bi Cr Cr O O 1.4 [65] 
Bi2Fe2O6 Bi Bi Fe Fe O O 2.67 [66] 
Bi2Ni2O6 Bi Bi Ni Ni O O 1.1 [65] 
Bi2Mn2O6 Bi Bi Mn Mn O O 0.9 [65] 
Bi2Rh2O6 Bi Bi Rh Rh O O 1.3 [67] 
Bi2Sc2O6 Bi Bi Sc Sc O O 2.6 [65] 
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Composition A A' B B' X X' Band gap / eV Reference 
Bi2Y2O6 Bi Bi Y Y O O 2.36 [68] 
Ca2Fe2O6 Ca Ca Fe Fe O O 1.9 [69] 
Ca2Hf2O6 Ca Ca Hf Hf O O 5.6 [70] 
Ca2Mn2O6 Ca Ca Mn Mn O O 0.39 [71] 
Ca2Sn2O6 Ca Ca Sn Sn O O 4.4 [72] 
Ca2Ti2O6 Ca Ca Ti Ti O O 3.55 [73] 
Ca2V2O6 Ca Ca V V O O 0 [74] 
Ca2Zr2O6 Ca Ca Zr Zr O O 5.7 [75] 
Cd2Sn2O6 Cd Cd Sn Sn O O 3 [76] 
Cd2Ti2O6 Cd Cd Ti Ti O O 2.8 [77] 
Cd2Zr2O6 Cd Cd Zr Zr O O 3.34 [78] 
Ce2Al2O6 Ce Ce Al Al O O 2.65 [79] 
Ce2Cr2O6 Ce Ce Cr Cr O O 3.04 [80] 
Ce2Fe2O6 Ce Ce Fe Fe O O 1.77 [81] 
Ce2Sc2O6 Ce Ce Sc Sc O O 3.2 [82] 
Ce2Ti2O6 Ce Ce Ti Ti O O 0.1 [83] 
Dy2Cr2O6 Dy Dy Cr Cr O O 2.8 [84] 
Dy2Fe2O6 Dy Dy Fe Fe O O 3.1 [85] 
Dy2Mn2O6 Dy Dy Mn Mn O O 0.69 [86] 
Dy2Sc2O6 Dy Dy Sc Sc O O 5.9 [87] 
Er2Fe2O6 Er Er Fe Fe O O 3.1 [85] 
Eu2Fe2O6 Eu Eu Fe Fe O O 2.09 [88] 
Eu2Hf2O6 Eu Eu Hf Hf O O 2.7 [89] 
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Composition A A' B B' X X' Band gap / eV Reference 
Eu2Sc2O6 Eu Eu Sc Sc O O 5.7 [87] 
Eu2Ti2O6 Eu Eu Ti Ti O O 1.292 [90] 
Eu2Zr2O6 Eu Eu Zr Zr O O 2.4 [89] 
Gd2Al2O6 Gd Gd Al Al O O 5 [91] 
Gd2Cr2O6 Gd Gd Cr Cr O O 2.7 [92] 
Gd2Fe2O6 Gd Gd Fe Fe O O 2.64 [93] 
Gd2Mn2O6 Gd Gd Mn Mn O O 2 [94] 
Gd2Sc2O6 Gd Gd Sc Sc O O 5.8 [87] 
Gd2Ti2O6 Gd Gd Ti Ti O O 0.7 [95] 
Hg2Sn2O6 Hg Hg Sn Sn O O 1.6 [96] 
Ho2Cr2O6 Ho Ho Cr Cr O O 3.26 [97] 
Ho2Fe2O6 Ho Ho Fe Fe O O 3.39 [98] 
K2Nb2O6 K K Nb Nb O O 3.2 [99] 
K2Ta2O6 K K Ta Ta O O 3.5 [100] 
La2Al2O6 La La Al Al O O 5.6 [101] 
La2Co2O6 La La Co Co O O 2.1 [102] 
La2Cr2O6 La La Cr Cr O O 2.6 [103] 
La2Cu2O6 La La Cu Cu O O 0 [104] 
La2Fe2O6 La La Fe Fe O O 2.67 [105] 
La2Ga2O6 La La Ga Ga O O 4.4 [106] 
La2In2O6 La La In In O O 2.2 [107] 
La2Lu2O6 La La Lu Lu O O 5.6 [108] 
La2Mn2O6 La La Mn Mn O O 2 [109] 
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Composition A A' B B' X X' Band gap / eV Reference 
La2Ni2O6 La La Ni Ni O O 3.802 [110] 
La2Rh2O6 La La Rh Rh O O 1.2 [111] 
La2Sc2O6 La La Sc Sc O O 5.8 [112] 
La2Ti2O6 La La Ti Ti O O 0.2 [113] 
La2V2O6 La La V V O O 1.1 [104] 
Li2Nb2O6 Li Li Nb Nb O O 4.3 [114] 
Li2Ta2O6 Li Li Ta Ta O O 4.9 [114] 
Lu2Fe2O6 Lu Lu Fe Fe O O 2.76 [115] 
Lu2Rh2O6 Lu Lu Rh Rh O O 2.16 [67] 
Mg2Ti2O6 Mg Mg Ti Ti O O 3.07 [116] 
Mn2Ti2O6 Mn Mn Ti Ti O O 3.1 [117] 
Na2Nb2O6 Na Na Nb Nb O O 3.4 [118] 
Nd2Al2O6 Nd Nd Al Al O O 3.9 [119] 
Nd2Cr2O6 Nd Nd Cr Cr O O 1.78 [120] 
Nd2Fe2O6 Nd Nd Fe Fe O O 3.8 [121] 
Nd2Ga2O6 Nd Nd Ga Ga O O 3.8 [122] 
Nd2Mn2O6 Nd Nd Mn Mn O O 1.75 [123] 
Nd2Sc2O6 Nd Nd Sc Sc O O 5.6 [87] 
Nd2Ti2O6 Nd Nd Ti Ti O O 0.8 - 
Ni2Sn2O6 Ni Ni Sn Sn O O 3.56 [124] 
Pb2Hf2O6 Pb Pb Hf Hf O O 3.4 [125] 
Pb2Sn2O6 Pb Pb Sn Sn O O 2.8 [126] 
Pb2Ti2O6 Pb Pb Ti Ti O O 3.88 [127] 
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Composition A A' B B' X X' Band gap / eV Reference 
Pb2Zr2O6 Pb Pb Zr Zr O O 3.7 [128] 
Pr2Fe2O6 Pr Pr Fe Fe O O 1.88 [129] 
Pr2Mn2O6 Pr Pr Mn Mn O O 1.75 [123] 
Pr2Sc2O6 Pr Pr Sc Sc O O 5.7 [87] 
Rb2I2O6 Rb Rb I I O O 4 [130] 
Sm2Al2O6 Sm Sm Al Al O O 4 [119] 
Sm2Fe2O6 Sm Sm Fe Fe O O 1.8 [69] 
Sm2Mn2O6 Sm Sm Mn Mn O O 1.82 [131] 
Sm2Sc2O6 Sm Sm Sc Sc O O 5.6 [87] 
Sr2Ce2O6 Sr Sr Ce Ce O O 3.5 [132] 
Sr2Cr2O6 Sr Sr Cr Cr O O 0 [133] 
Sr2Fe2O6 Sr Sr Fe Fe O O 3.75 [134] 
Sr2Hf2O6 Sr Sr Hf Hf O O 5.7 [135] 
Sr2Ir2O6 Sr Sr Ir Ir O O 0 [136] 
Sr2Mo2O6 Sr Sr Mo Mo O O 2.2 [137] 
Sr2Pb2O6 Sr Sr Pb Pb O O 1.82 [138] 
Sr2Ru2O6 Sr Sr Ru Ru O O 0 [139] 
Sr2Sn2O6 Sr Sr Sn Sn O O 4.45 [140] 
Sr2Ti2O6 Sr Sr Ti Ti O O 3.25 [63] 
Sr2V2O6 Sr Sr V V O O 0 [141] 
Sr2Zr2O6 Sr Sr Zr Zr O O 5.54 [142] 
Tb2Al2O6 Tb Tb Al Al O O 4.6 [143] 
Tb2Mn2O6 Tb Tb Mn Mn O O 3 [86] 
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Composition A A' B B' X X' Band gap / eV Reference 
Tb2Sc2O6 Tb Tb Sc Sc O O 6.1 [87] 
Ti2Pb2O6 Ti Ti Pb Pb O O 4.08 - 
Y2Al2O6 Y Y Al Al O O 8 [144] 
Y2Co2O6 Y Y Co Co O O 2.8 [104] 
Y2Cr2O6 Y Y Cr Cr O O 1.4 [145] 
Y2Fe2O6 Y Y Fe Fe O O 2.45 [146] 
Y2Mn2O6 Y Y Mn Mn O O 1.55 [147] 
Y2Ni2O6 Y Y Ni Ni O O 0.4 [104] 
Y2Sc2O6 Y Y Sc Sc O O 6 [148] 
Y2Ti2O6 Y Y Ti Ti O O 1 [149] 
Y2V2O6 Y Y V V O O 1.2 [74] 
Yb2Fe2O6 Yb Yb Fe Fe O O 3.1 [85] 
Zn2Sn2O6 Zn Zn Sn Sn O O 3.52 [150] 
Zn2Ti2O6 Zn Zn Ti Ti O O 2.91 [151] 
Zn2Zr2O6 Zn Zn Zr Zr O O 2.97 [152] 
Ba2BiDyO6 Ba Ba Bi Dy O O 1.41 [153] 
Ba2DyBi6 Ba Ba Dy Bi O O 1.41 [153] 
Ba2BiEuO6 Ba Ba Bi Eu O O 1.71 [153] 
Ba2EuBiO6 Ba Ba Eu Bi O O 1.71 [153] 
Ba2BiGdO6 Ba Ba Bi Gd O O 1.61 [153] 
Ba2BiGdO6 Ba Ba Gd Bi O O 1.61 [153] 
Ba2BiLaO6 Ba Ba Bi La O O 1.6 [153] 
Ba2LaBiO6 Ba Ba La Bi O O 1.6 [153] 
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Composition A A' B B' X X' Band gap / eV Reference 
Ba2BiNdO6 Ba Ba Bi Nd O O 1.65 [153] 
Ba2NdBiO6 Ba Ba Nd Bi O O 1.65 [153] 
Ba2CaMoO6 Ba Ba Ca Mo O O 2.7 [154] 
Ba2MoCoO6 Ba Ba Mo Ca O O 2.7 [154] 
Ba2CaWO6 Ba Ba Ca W O O 3.6 [154] 
Ba2WCaO6 Ba Ba W Ca O O 3.6 [154] 
Ba2MgMoO6 Ba Ba Mg Mo O O 2.7 [154] 
Ba2MoMgO6 Ba Ba Mo Mg O O 2.7 [154] 
Ba2MgWO6 Ba Ba Mg W O O 3.4 [154] 
Ba2WMgO6 Ba Ba W Mg O O 3.4 [154] 
Ba2MoZnO6 Ba Ba Mo Zn O O 2.7 [154] 
Ba2ZnMoO6 Ba Ba Zn Mo O O 2.7 [154] 
Ba2NbScO6 Ba Ba Nb Sc O O 3.6 [154] 
Ba2ScNbO6 Ba Ba Sc Nb O O 3.6 [154] 
Ba2NbYO6 Ba Ba Nb Y O O 3.8 [154] 
Ba2YNbO6 Ba Ba Y Nb O O 3.8 [154] 
Ba2ScTaO6 Ba Ba Sc Ta O O 4.19 [155] 
Ba2TaScO6 Ba Ba Ta Sc O O 4.19 [155] 
Ba2TaYO6 Ba Ba Ta Y O O 4.6 [154] 
Ba2YTaO6 Ba Ba Y Ta O O 4.6 [154] 
Ba2WZnO6 Ba Ba W Zn O O 3.5 [154] 
Ba2ZnWO6 Ba Ba Zn W O O 3.5 [154] 
BaLaCo2O6 Ba La Co Co O O 2.4 [156] 
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Composition A A' B B' X X' Band gap / eV Reference 
LaBaCo2O6 La Ba Co Co O O 2.4 [156] 
BaLaMgTaO6 Ba La Mg Ta O O 4.67 [155] 
BaLaTaMgO6 Ba La Ta Mg O O 4.67 [155] 
LaBaMgTaO6 La Ba Mg Ta O O 4.67 [155] 
LaBaTaMgO6 La Ba Ta Mg O O 4.67 [155] 
Bi2CrFeO6 Bi Bi Cr Fe O O 1.4 [157] 
Bi2FeCrO6 Bi Bi Fe Cr O O 1.4 [157] 
Ca2CaWO6 Ca Ca Ca W O O 3.6 [154] 
Ca2WCaO6 Ca Ca W Ca O O 3.6 [154] 
Ca2NbScO6 Ca Ca Nb Sc O O 4.1 [154] 
Ca2ScNbO3 Ca Ca Sc Nb O O 4.1 [154] 
Ca2NiWO6 Ca Ca Ni W O O 2.61 [158] 
Ca2WNiO6 Ca Ca W Ni O O 2.61 [158] 
CaLaMgTaO6 Ca La Mg Ta O O 4.82 [155] 
CaLaTaMgO6 Ca La Ta Mg O O 4.82 [155] 
LaCaMgTaO6 La Ca Mg Ta O O 4.82 [155] 
LaCaTaMgO6 La Ca Ta Mg O O 4.82 [155] 
Cs2LiYO6 Cs Cs Li Y Cl Cl 7.5 [159] 
Cs2YLiO6 Cs Cs Y Li Cl Cl 7.5 [159] 
EuNaTi2O6 Eu Na Ti Ti O O 3.2 [160] 
NaEuTi2O6 Na Eu Ti Ti O O 3.2 [160] 
KLaMnWO6 K La Mn W O O 2.2 [161] 
KLaWMnO6 K La W Mn O O 2.2 [161] 
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Composition A A' B B' X X' Band gap / eV Reference 
LaKMnWO6 La K Mn W O O 2.2 [161] 
LaKWMnO6 La K W Mn O O 2.2 [161] 
La2FeMnO6 La La Fe Mn O O 1.1 [162] 
La2MnFeO6 La La Mn Fe O O 1.1 [162] 
La2MgTiO6 La La Mg Ti O O 3.9 [154] 
La2TiMgO6 La La Ti Mg O O 3.9 [154] 
La2MnVO6 La La Mn V O O 0.9 [163] 
La2VMnO6 La La V Mn O O 0.9 [163] 
La2NaTaO6 La La Na Ta O O 4.5 [164] 
La2TaNaO6 La La Ta Na O O 4.5 [164] 
La2TiZnO6 La La Ti Zn O O 3.9 [155] 
La2ZnTiO6 La La Zn Ti O O 3.9 [155] 
LaNaMnWO6 La Na Mn W O O 2.4 [161] 
LaNaWMnO6 La Na W Mn O O 2.4 [161] 
NaLaMnWO6 Na La Mn W O O 2.4 [161] 
NaLaWMnO6 Na La W Mn O O 2.4 [161] 
LaSrMgTaO6 La Sr Mg Ta O O 4.75 [155] 
LaSrTaMgO6 La Sr Ta Mg O O 4.75 [155] 
SrLaMgTaO6 Sr La Mg Ta O O 4.75 [155] 
SrLaTaMgO6 Sr La Ta Mg O O 4.75 [155] 
NaNdCoWO6 Na Nd Co W O O 2.6 [161] 
NaNdWCoO6 Na Nd W Co O O 2.6 [161] 
NdNaCoWO6 Nd Na Co W O O 2.6 [161] 
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Composition A A' B B' X X' Band gap / eV Reference 
NdNaWCoO6 Nd Na W Co O O 2.6 [161] 
NaNdMgWO6 Na Nd Mg W O O 4 [161] 
NaNdWMO6 Na Nd W Mg O O 4 [161] 
NdNaMgWO6 Nd Na Mg W O O 4 [161] 
NdNaWMgO6 Nd Na W Mg O O 4 [161] 
NaNdMnWO6 Na Nd Mn W O O 2.3 [161] 
NaNdWMnO6 Na Nd W Mn O O 2.3 [161] 
NdNaMnWO6 Nd Na Mn W O O 2.3 [161] 
NdNaWMnO6 Nd Na W Mn O O 2.3 [161] 
NaTbMnWO6 Na Tb Mn W O O 2.2 [161] 
NaTbWMnO6 Na Tb W Mn O O 2.2 [161] 
TbNaMnWO6 Tb Na Mn W O O 2.2 [161] 
TbNaWMnO6 Tb Na W Mn O O 2.2 [161] 
Sr2AlNbO6 Sr Sr Al Nb O O 3.8 [154] 
Sr2NbAlO6 Sr Sr Nb Al O O 3.8 [154] 
Sr2AlTaO6 Sr Sr Al Ta O O 4.6 [154] 
Sr2TaAlO6 Sr Sr Ta Al O O 4.6 [154] 
Sr2CaMoO6 Sr Sr Ca Mo O O 2.7 [154] 
Sr2MoCaO6 Sr Sr Mo Ca O O 2.7 [154] 
Sr2CaWO6 Sr Sr Ca W O O 3.6 [154] 
Sr2WCaO6 Sr Sr W Ca O O 3.6 [154] 
Sr2GaNbO6 Sr Sr Ga Nb O O 3.8 [154] 
Sr2NbGaO6 Sr Sr Nb Ga O O 3.8 [154] 
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Composition A A' B B' X X' Band gap / eV Reference 
Sr2GaTaO6 Sr Sr Ga Ta O O 4.5 [154] 
Sr2TaGaO6 Sr Sr Ta Ga O O 4.5 [154] 
Sr2MgMoO6 Sr Sr Mg Mo O O 2.7 [154] 
Sr2MoMgO6 Sr Sr Mo Mg O O 2.7 [154] 
Sr2MgWO6 Sr Sr Mg W O O 3.6 [154] 
Sr2WMgO6 Sr Sr W Mg O O 3.6 [154] 
Sr2MoZnO6 Sr Sr Mo Zn O O 2.7 [154] 
Sr2ZnMoO6 Sr Sr Zn Mo O O 2.7 [154] 
Sr2NbScO6 Sr Sr Nb Sc O O 3.9 [154] 
Sr2ScNbO6 Sr Sr Sc Nb O O 3.9 [154] 
Sr2NbYO6 Sr Sr Nb Y O O 3.9 [154] 
Sr2YNbO6 Sr Sr Y Nb O O 3.9 [154] 
Sr2NiWO6 Sr Sr Ni W O O 3.1 [155] 
Sr2WNiO6 Sr Sr W Ni O O 3.1 [155] 
Sr2TaYO6 Sr Sr Ta Y O O 4.7 [154] 
Sr2YTaO6 Sr Sr Y Ta O O 4.7 [154] 
Sr2WZnO6 Sr Sr W Zn O O 3.7 [154] 
Sr2ZnWO6 Sr Sr Zn W O O 3.7 [154] 
Cs2Ge2Br6 Cs Cs Ge Ge Br Br 2.32 [166] 
Cs2Ge2Cl6 Cs Cs Ge Ge Cl Cl 3.18 [167] 
Cs2Ge2I6 Cs Cs Ge Ge I I 1.51 [168] 
Cs2Pb2Br6 Cs Cs Pb Pb Br Br 2.43 [167] 
Cs2Pb2Cl6 Cs Cs Pb Pb Cl Cl 2.85 [169] 
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Composition A A' B B' X X' Band gap / eV Reference 
Cs2Pb2I6 Cs Cs Pb Pb I I 1.67 [170] 
Cs2Sn2Br6 Cs Cs Sn Sn Br Br 1.8 [171] 
Cs2Sn2Cl6 Cs Cs Sn Sn Cl Cl 4.5 [171] 
Cs2Sn2I6 Cs Cs Sn Sn I I 1.3 [170] 
MA2Ge2I6 MA MA Ge Ge I I 1.9 [172] 
MA2Pb2Br6 MA MA Pb Pb Br Br 2.21 [173] 
MA2Pb2Cl6 MA MA Pb Pb Cl Cl 3.05 [167] 
MA2Pb2I6 MA MA Pb Pb I I 1.48 [174] 
MA2Sn2Br6 MA MA Sn Sn Br Br 2.15 [175] 
MA2Sn2Cl6 MA MA Sn Sn Cl Cl 3.69 [175] 
MA2Sn2I6 MA MA Sn Sn I I 1.2 [170] 
FA2Ge2I6 FA FA Ge Ge I I 2.2 [172] 
FA2Pb2Br6 FA FA Pb Pb Br Br 2.18 [173] 
FA2Pb2Cl6 FA FA Pb Pb Cl Cl 3 [167] 
FA2Pb2I6 FA FA Pb Pb I I 1.48 [170] 
FA2Sn2Br6 FA FA Sn Sn Br Br 2.4 [176] 
FA2Sn2I6 FA FA Sn Sn I I 1.41 [170] 
MFA2Ge2I6 MFA MFA Ge Ge I I 2.5 [172] 
Cs2AgBiBr6 Cs Cs Ag Bi Br Br 1.95 [177] 
Cs2BiAgBr6 Cs Cs Bi Ag Br Br 1.95 [177] 
Cs2AgBiCl6 Cs Cs Ag Bi Cl Cl 2.15 [178] 
Cs2BiAgCl6 Cs Cs Bi Ag Cl Cl 2.15 [178] 
Cs2AgInCl6 Cs Cs Ag In Cl Cl 3.3 [179] 
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Composition A A' B B' X X' Band gap / eV Reference 
Cs2InAgCl6 Cs Cs In Ag Cl Cl 3.3 [179] 
FAMASn2I6 FA MA Sn Sn I I 1.3 [180] 
MAFASn2I6 MA FA Sn Sn I I 1.3 [180] 
MA2AgBiBr6 MA MA Ag Bi Br Br 2.02 [181] 
MA2BiAgBr6 MA MA Bi Ag Br Br 2.02 [181] 
MA2BiKCl6 MA MA Bi K Cl Cl 3.04 [182] 
MA2KBiCl6 MA MA K Bi Cl Cl 3.04 [182] 
MA2BiTlBr6 MA MA Bi Tl Br Br 2.16 [183] 
MA2TlBiBr6 MA MA Tl Bi Br Br 2.16 [183] 
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Table 4.2. Features (first ionization potential, electron affinity, Mulliken electronegativity, ionic radius, group number, Pettifor’s Mendeleev 
number, ionic HOMO level, ionic LUMO level, and ionic HOMO-LUMO gap) for each constituent ion. MA, FA, MFA, and GA are 




















level / eV 
Ionic LUMO 
level / eV 
Ionic HOMO-
LUMO gap / eV 
H 13.66 0.75 7.20 -0.04 1 103 -13.61 -3.35 10.26 
Li 5.42 0.62 3.02 1.06 1 12 -64.06 -7.03 57.02 
Be 9.36 -0.52 4.42 0.59 2 77 -137.27 -21.61 115.66 
Na 5.16 0.55 2.86 1.53 1 11 -39.27 -7.21 32.05 
Mg 7.68 -0.42 3.63 1.03 2 73 -70.16 -18.30 51.85 
K 4.36 0.50 2.43 1.78 1 10 -26.53 -6.04 20.48 
Ca 6.14 0.02 3.08 1.48 2 16 -44.93 -14.26 30.67 
Sc 6.59 0.19 3.39 0.89 3 19 -66.69 -30.74 35.94 
Rb 4.20 0.49 2.34 1.86 1 9 -23.04 -5.84 17.20 






















level / eV 
Ionic LUMO 
level / eV 
Ionic HOMO-
LUMO gap / eV 
Sr 5.72 0.05 2.89 1.58 2 15 -38.06 -13.34 24.72 
Y 6.25 0.31 3.28 1.04 3 20 -55.30 -24.68 30.62 
Cs 3.91 0.48 2.19 2.02 1 8 -19.83 -5.40 14.43 
Ba 5.24 0.15 2.69 1.75 2 14 -32.17 -12.21 19.97 
La 5.60 0.47 3.04 1.17 3 33 -46.13 -22.50 23.62 
NH4 4.59 0.34 2.46 1.46 1 8 -22.52 -6.52 16.00 
MA 4.15 0.16 2.16 2.17 1 8 -17.15 -5.95 11.20 
FA 3.92 -0.16 1.88 2.53 1 8 -14.17 -6.55 7.62 
MFA 3.67 -0.04 1.82 4.05 1 8 -13.70 -6.02 7.68 
GA 3.49 0.26 1.88 2.78 1 8 -13.44 -5.11 8.32 
B 8.33 0.28 4.31 0.41 13 86 -237.69 -43.27 194.42 
C 11.31 1.27 6.29 0.30 14 95 -365.32 -71.99 293.34 






















level / eV 
Ionic LUMO 
level / eV 
Ionic HOMO-
LUMO gap / eV 
N 14.60 -0.08 7.26 0.27 15 100 -69.86 -55.36 14.50 
Al 6.01 0.44 3.22 0.68 13 80 -108.11 -32.80 75.30 
Si 8.19 1.39 4.79 0.54 14 85 -153.03 -50.54 102.48 
P 10.53 0.75 5.64 0.52 15 90 -204.88 -71.47 133.41 
Sc 6.59 0.19 3.39 0.89 3 19 -66.69 -30.74 35.94 
Ti 6.86 0.08 3.47 0.75 4 51 -91.70 -50.40 41.29 
V 6.78 0.53 3.65 0.68 5 54 -119.91 -73.48 46.43 
Cr 6.80 0.68 3.74 0.87 6 57 -42.87 -35.76 7.12 
Mn 7.47 -0.52 3.47 0.81 7 60 -62.70 -58.97 3.73 
Fe 7.94 0.16 4.05 0.75 8 61 -47.51 -37.39 10.12 
Co 7.92 0.67 4.29 0.79 9 64 -47.85 -40.36 7.49 
Ni 7.67 1.17 4.42 0.83 10 67 -31.07 -23.65 7.42 






















level / eV 
Ionic LUMO 
level / eV 
Ionic HOMO-
LUMO gap / eV 
Cu 7.76 1.24 4.50 0.91 11 72 -31.72 -25.95 5.77 
Zn 9.44 -0.62 4.41 0.88 12 76 -33.33 -22.20 11.14 
Ga 6.03 0.43 3.23 0.76 13 81 -55.38 -35.70 19.67 
Ge 7.93 1.24 4.59 0.67 14 84 -30.30 -19.16 11.15 
As 9.86 0.81 5.34 0.72 15 89 -45.62 -32.12 13.50 
Y 6.25 0.31 3.28 1.04 3 20 -55.30 -24.68 30.62 
Zr 6.66 0.43 3.55 0.86 4 49 -74.62 -39.24 35.39 
Nb 6.79 0.93 3.86 0.78 5 53 -95.95 -55.96 39.98 
Mo 7.12 0.75 3.94 0.73 6 56 -47.13 -45.62 1.52 
Ru 7.39 1.05 4.22 0.76 8 62 -40.37 -33.46 6.91 
Rh 7.49 1.15 4.32 0.74 9 65 -41.37 -36.26 5.11 
Pd 8.37 0.56 4.47 1.00 10 69 -29.25 -24.22 5.03 






















level / eV 
Ionic LUMO 
level / eV 
Ionic HOMO-
LUMO gap / eV 
Ag 7.61 1.31 4.46 1.29 11 71 -17.20 -10.56 6.65 
Cd 9.03 -0.73 4.15 1.09 12 75 -32.26 -20.55 11.71 
In 5.81 0.30 3.06 0.94 13 79 -49.91 -32.20 17.71 
Sn 7.38 1.11 4.25 0.83 14 83 -69.89 -45.44 24.45 
Sb 8.68 1.05 4.87 0.90 15 88 -39.90 -28.25 11.65 
La 5.60 0.47 3.04 1.17 3 33 -46.13 -22.50 23.62 
Ce 5.56 6.61 6.09 1.01 3 32 -61.53 -44.48 17.04 
Pr 5.49 0.97 3.23 1.13 3 31 -32.84 -27.10 5.73 
Nd 5.55 1.93 3.74 1.12 3 30 -33.79 -27.95 5.84 
Sm 5.67 0.17 2.92 1.10 3 28 -35.80 -28.33 7.47 
Eu 5.70 0.86 3.28 1.31 3 27.5 -36.96 -27.75 9.21 
Gd 6.18 0.14 3.16 1.08 3 27 -38.13 -26.76 11.37 






















level / eV 
Ionic LUMO 
level / eV 
Ionic HOMO-
LUMO gap / eV 
Tb 5.89 1.17 3.53 1.06 3 26 -37.67 -27.94 9.72 
Dy 5.96 0.35 3.16 1.05 3 25 -37.62 -29.23 8.39 
Ho 6.05 0.34 3.20 1.04 3 24 -38.47 -30.21 8.26 
Er 6.13 0.31 3.22 1.03 3 23 -38.62 -29.44 9.18 
Tm 6.21 1.03 3.62 1.02 3 22 -37.98 -30.50 7.48 
Yb 6.28 -0.02 3.13 1.01 3 21.5 -40.57 -32.79 7.79 
Lu 5.45 0.34 2.90 1.00 3 21 -29.19 -26.35 2.83 
Hf 6.85 0.02 3.44 0.85 4 50 -61.01 -37.71 23.29 
Ta 7.92 0.32 4.12 0.78 5 52 -85.73 -52.95 32.78 
W 8.02 0.82 4.42 0.74 6 55 -112.88 -69.73 43.14 
Re 7.91 0.15 4.03 0.72 7 58 -140.75 -87.95 52.81 
Os 8.74 1.10 4.92 0.77 8 63 -50.53 -45.99 4.55 






















level / eV 
Ionic LUMO 
level / eV 
Ionic HOMO-
LUMO gap / eV 
Ir 9.16 1.57 5.37 0.77 9 66 -53.51 -46.75 6.77 
Pt 9.06 2.13 5.60 0.94 10 68 -54.55 -49.65 4.90 
Au 9.27 2.32 5.79 1.51 11 70 -42.50 -37.73 4.77 
Hg 10.48 -0.52 4.98 1.16 12 74 -30.32 -22.38 7.94 
Tl 6.14 0.37 3.26 1.64 13 78 -17.09 -7.81 9.28 
Pb 7.45 0.35 3.90 1.33 14 82 -28.28 -16.73 11.55 
Bi 7.32 0.95 4.13 0.90 15 87 -40.87 -27.10 13.77 
O 13.68 1.47 7.57 1.21 16 101 6.90 10.32 3.42 
F 17.50 3.41 10.46 1.15 17 102 0.00 7.32 7.32 
S 10.41 2.08 6.24 1.70 16 94 5.26 8.51 3.24 
Cl 13.02 3.63 8.33 1.67 17 99 -0.77 5.83 6.60 
Se 9.80 3.07 6.43 1.84 16 93 4.92 8.05 3.13 






















level / eV 
Ionic LUMO 
level / eV 
Ionic HOMO-
LUMO gap / eV 
Br 11.87 3.38 7.62 1.82 17 98 -0.79 5.37 6.16 
Te 9.05 1.98 5.51 2.07 16 92 4.55 7.81 3.26 
I 10.50 3.07 6.78 2.06 17 97 -0.86 4.99 5.85 
BH4 13.51 4.34 8.93 2.03 17 97 -1.81 3.72 5.53 
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Table 4.3. Averaged R2 values for training set 𝑅train
2  and test set 𝑅test
2 , and root mean 
squared error (RMSE) in test set for each band-gap prediction model. 
Regression model 𝑅train
2  𝑅test
2  RMSE 
MLR 0.46 0.36 1.11 
Ridge regression 0.46 0.37 1.10 
Lasso regression 0.45 0.36 1.11 
SVR with linear kernel 0.43 0.34 1.12 
SVR with Gaussian kernel 0.89 0.65 0.81 
GPR with Gaussian kernel 0.90 0.58 0.89 
 
4.2.2 Computational details for first-principles calculations 
 First-principles calculations were carried out to perform structural optimization 
and determine the band gap, electron and hole effective mass, and exciton binding energy. 
For structural optimization, the ion positions and cell parameters in a 2 × 1 × 1 cubic-
based unit cell (see Figure 4.3) were optimized with the convergence threshold for a 
change of 10-3 eV in the total energy. After the structural optimizations, the direct band 
gap, indirect band gap, electron and hole effective mass, and exciton binding energy were 
calculated using the optimized structure. These calculations were performed using the 
Perdew-Burke-Ernzerhof (PBE) exchange correlation functional with the DFT-D3 
method as a van der Waals correction [184,185], projector augmented wave (PAW) 
pseudopotentials, 700-eV plane-wave cutoff, and 10 × 10 × 10 sampling k-point grid in 
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Vienna ab initio simulation package (VASP) code [182,183].  
 
 For the most promising novel perovskites, more accurate DFT calculations were 
carried out to evaluate the formation enthalpies, light absorption coefficients, and levels 
of conduction band minimum (CBM) and valence band maximum (VBM). A 
computationally inexpensive theoretical approach based on PBE + U calculations with 
fitted elemental-phase reference energies (FERE) was used for reoptimizations of the 
structure and estimations of the formation enthalpy [185]. Here, the values of the effective 
on-site Coulomb interactions (U) were taken from [185], and the most stable crystal 
structures of each pure element were taken from the Materials Project [186]. The other 
computational details are similar to the above calculations. Furthermore, a Heyd-
Scuseria-Ernzerhof (HSE06) screened hybrid functional with a 2 × 4 × 4 sampling k-point 
grid was used to evaluate the light absorption coefficients and the levels of CBM and 
VBM [187]. The light absorption coefficients were estimated based on the calculations 
of the imaginary part of the frequency-dependent dielectric matrix implemented in VASP 
code [188]. The levels of CBM and VBM were determined using empirical equations 
Figure 4.3. Image of unit cell in AA'BB'X3X'3 double perovskite for first-principles 
calculation. a, b, c, and O are Bravais lattice vectors and origin, respectively. 











𝐸g    (4.1), 
𝐸V = 𝐸C − 𝐸g    (4.2). 
where 𝐸C  and 𝐸V  are the CBM level and VBM level relative to the vacuum level, 
respectively. 𝜒A, 𝜒A’, 𝜒B, 𝜒B’, 𝜒X, and 𝜒X’ denote the absolute electronegativities of 
A, A’, B, B’, X, and X’ atoms in AA’BB’X3X’3 double perovskite, respectively [191], and 
𝐸g is the band gap calculated by an HSE06 functional. 
 The electron and hole effective mass tensors, 𝒎e
∗  and 𝒎h
∗ , are defined as the 











    (𝑖, 𝑗 = 𝑥, 𝑦, 𝑧)     (4.3) 
1
𝑚h,𝑖𝑗







     (4.4). 
where the double partial differential is approximated by the finite difference method in 
the 10 × 10 × 10 sampling k-point grid: 
𝜕2𝐸(𝒌)
𝜕𝑘𝑖𝜕𝑘𝑗
 ≈  
𝐸(𝒌 + ∆𝑘𝑖) − 2𝐸(𝒌) + 𝐸(𝒌 + ∆𝑘𝑗)
∆𝑘𝑖∆𝑘𝑗
     (4.5). 
In this study, the averages of the diagonal terms in each effective mass tensor were 
employed as the electron and hole effective mass, respectively. 
 The exciton binding energy 𝐸b was estimated by the Rydberg equation for a 
hydrogen-like atom [193]: 







∗      (4.6). 
where the dielectric constant of the perovskite, 𝜀 , was determined using the density 
function perturbation theory [194,195]. 
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 The power conversion efficiency (PCE) is defined as a multiplication of the 
open-circuit voltage (𝑉OC), short-circuit current (𝐽SC), and fill factor (𝐹𝐹): 
PCE =  𝑉OC𝐽SC𝐹𝐹     (4.7). 
where 𝑉OC depends on the band gap (𝐸g) of the perovskite and the energy loss (𝐸loss): 
𝑉OC  =  𝐸g  − 𝐸loss     (4.8). 
In addition, 𝐽SC  depends on the external quantum efficiency (𝐸𝑄𝐸) of the solar cell 
module and solar light spectrum (𝛷AM1.5
solar light
), and it is calculated from 
𝐽SC  =  ∫ 𝐸𝑄𝐸(𝜀)  ×  𝛷AM1.5
solar light
(𝜀)𝑑𝜀      (4.9). 
𝐸𝑄𝐸 is approximated by a step function (𝜃) with the band gap as the parameter: 
𝐸𝑄𝐸(𝜀) = 0.65 × 𝜃(𝜀 −  𝐸g)     (4.10). 
In this study, 𝐹𝐹, 𝐸loss, and 𝐸𝑄𝐸 were set as 0.819, 0.4 eV, and 85%, respectively. 
These values were reported by Yang et al [196]. The estimated PCE of FAPbI3 (𝐸g = 1.48 
eV) using the above schemes and parameters is 22.3% and is consistent with the 
experimental PCE (21.6%) [196]. The PCEs of the 500 discovered perovskites were 
estimated by the same method with 𝐸g predicted by the above machine-learning model. 
4.3 Results and Discussion 
 We developed a high-throughput material search for novel PSC materials. Figure 
4.4 depicts the novel AA'BB′X3X′3 double perovskite search scheme. In this material 
search scheme, not only the feasibility of the perovskite structure and its band gap but 
also its toxicity and cost were systematically considered. First, AA′BB′X3X′3 
compositions were generated from a library of ions. For the A and A′ cations, 18 cations 
including alkali metal, alkali earth metal, group-3 metal, and organic cations were 
employed. For the B and B′ cations, 85 cations including transition metals and p-block 
Shohei Kanno                                 Tokyo Metropolitan University, Japan 
１７８ 
 
metals were employed. For the X and X′ anions, nine anions including chalcogens and 
halogens were employed. The specific ions are listed in Figure 4.5. From the ion library, 
28,125,225 AA′BB′X3X′3 compositions were generated. These were screened in a 
stepwise manner according to the material search scheme. 
 
 
Figure 4.4. Diagram of novel AA′BB′X3X′3 double perovskite search scheme. 
Figure 4.5. Ion library for each site, and number of possible AA′BB′X3X′3 
compositions using the library. 
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 In the first screening step of the material search scheme, the ability of the 
generated AA′BB′X3X′3 compositions to form a perovskite was evaluated using the 
general properties of the constituent ions (viz. ionic valence, valence electron number, and 
ionic radius). A composition was considered to be synthetically feasible if it met the 
following seven criteria: (1) its charge was neutral, (2) it had an even number of electrons, 
(3) its tolerance factor TF fell between 0.8 and 1.1 [197], (4) its octahedral factor OF was 
greater than 0.4 [197], (5) the ionic radii difference and ratio of its A and A′ cations met 
the criteria in eq. (3); (6) the ionic radii difference and ratio of its B and B′ cations met 
the criteria in eq. (4); and (7) its X and X′ anions had the same group number. TF and OF 








     (4.12). 
where 𝑟A̅ is the average ionic radius of the A and A′ cations, 𝑟B̅ is the average ionic 
radius of the B and B′ cations, and 𝑟X̅ is the average ionic radius of the X and X′ anions. 
Shannon’s ionic radii and effective radii were used for atomic ions and molecular ions, 
respectively [198,199]. However, TF and OF were defined for ABX3 single perovskites, 
and these factors do not consider the differences between the ionic radii of A and A′, B 
and B′, or X and X′ in AA′BB′X3X′3 double perovskites. Recently, Bartel et al. reported 
a new tolerance factor to predict the stability of A2BB′X6-type double perovskites [200]. 
Even with Bartel’s tolerance factor, it may be impossible to predict the stabilities of 
AA′BB′X3X′3 double perovskites because Bartel’s tolerance factor cannot consider the 
differences between A and A′ or X and X′. Therefore, the conventional TF and OF 
parameters and Bartel’s new tolerance factor cannot simply be applied to AA′BB′X3X′3 
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double perovskites; additional conditions are required. The 5th and 6th conditions 
consider the differences in the ionic radii of A and A′ and B and B′, respectively, by 








≤ 2.00, |𝑟B − 𝑟B′| ≤ 2.00 Å     (4.14). 
where 𝑟A , 𝑟A′ , 𝑟B , and 𝑟B′  are the ionic radii of the A, A′, B, and B′ cations, 
respectively. The 5th, 6th, and 7th conditions were determined from our dataset of 282 
experimental perovskite compounds (see Table 4.1). AA′BB′X3X′3 compositions that 
satisfy the seven criteria are expected to be able to form a perovskite structure; 128,357 
such AA′BB′X3X′3 were identified in this step, and only these combinations proceeded to 
the next screening step. 
 In the second screening step, the band gaps of the 128,357 AA′BB′X3X′3 double 
perovskites were predicted using a machine learning model. Support vector machine 
regression (SVR) with a Gaussian kernel trained on the experimental band gap data of 
282 perovskite compounds was employed as the machine learning model. The band gaps 
and compositions of 282 perovskites are listed in Table 4.1. The feature vectors for the 
128,357 AA′BB′X3X′3 double perovskites were generated from the atomic and ionic 
information of the constituent elements in Table 4.2. To identify novel double perovskites 
with suitable band gaps, we set a band gap criterion of 1.4 ± 0.8 eV. The values of 1.4 
and 0.8 eV correspond to the ideal band gap for p-n-junction-based solar cell materials 
according to the Shockley-Queisser limit and the error bar of our SVR, respectively [201]. 
Through this screening, 10,918 AA′BB′X3X′3 double perovskites with suitable band gaps 
were identified. The 10,918 perovskites included conventional hybrid perovskites such as 
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MA2Pb2I6 (=MAPbI3), for which the band gaps determined experimentally and by our 
SVR were 1.48 and 1.69 eV, respectively [202]. 
 In many material search studies, the development of such a database of 10,918 
AA′BB′X3X′3 double perovskites might be the end goal. However, to target materials with 
the potential for practical application, we considered two additional criteria (toxicity and 
cost) in this work. These criteria were selected because the toxicity of the widely used 
Pb-based hybrid perovskites is a serious problem [7], and low manufacturing cost is a 
merit of PSCs. 
 In the third screening step, the 10,918 identified perovskites were evaluated in 
terms of their toxicity and cost. The Guideline for Elemental Impurities Q3D was 
employed for the toxicity estimation [203]. These guidelines classify elements into four 
classes: highly toxic Class-1 elements, moderately toxic Class-2 elements, low-toxicity 
Class-3 elements, and low or nontoxic other elements. Pb, Hg, As, and Cd are Class-1 
elements, and Co, V, Ni, Tl, Au, Pd, Ir, Os, Rh, Ru, Se, Ag, and Pt are Class-2 elements. 
In this evaluation, AA′BB′X3X′3 perovskites including a Class-1 or -2 element, such as 
MA2Pb2I6 and other Pb-based perovskites, were rejected, and 2,146 low-toxicity double 
perovskites consisting of only Class-3 and other elements were found. After the toxicity 
evaluation, the cost of the remaining 2,146 double perovskites was estimated using the 
Chemicool database [204]. This database lists the price of each element in pure and bulk 
form. Using this database, the cost of each of the 2,146 double perovskites was estimated 
in US dollars (USD) per mole, and the 500 AA′BB′X3X′3 double perovskites with the 
lowest cost were selected. Note that the prices of each element were collected for these 
estimations in February 2018 and may change over time. The latest prices can be seen in 
the Chemicool database [204]. Here, the toxicities and costs of perovskites were 
Shohei Kanno                                 Tokyo Metropolitan University, Japan 
１８２ 
 
considered. However, we would suggest that this screening step can be decoupled from 
the examinations of physical properties in general fundamental material researches. This 
may widen the range of applications for these materials, while, toxicity and costs may be 
relative issues. 
 In the final screening step, first-principles calculations were performed to 
calculate the structures, band gaps, carrier effective masses, and exciton binding energies 
of the 500 AA′BB′X3X′3 double perovskites. The band gaps predicted by machine 
learning, estimated costs, optimized structures, and semiconductor properties as 
calculated by DFT for the 500 candidates are listed in Table 4.4. From among the 500 
candidates, the 24 most promising AA′BB′X3X′3 double perovskites were identified and 
are listed in Table 4.5 along with their band gaps, costs, structural properties, hole and 
electron effective masses, exciton binding energies, and theoretical PCEs. The 24 
perovskites identified meet the following criteria: (1) a cubic or pseudo cubic optimized 
structure with Bravais lattice vector length ratios of 1.90 ≤  |𝐚| |𝐛|⁄  ≤ 2.10, 1.90 ≤
 |𝐚| |𝐜|⁄  ≤ 2.10, and 0.95 ≤  |𝐛| |𝐜|⁄  ≤ 1.05, and angles between the Bravais lattice 
vectors of 89.0° ≤  α, β, γ ≤ 91.0°; (2) a hole and electron effective mass of less than 
1.00 a.u.; and (3) equal direct band gap and indirect band gap values. Of the 24 perovskites 
identified, five are organic tin-halide hybrid perovskites such as methylammonium tin 
iodide (MASnI3) and formamidinium tin iodide (FASnI3). These organic tin-halide hybrid 
perovskites are well-known and are already employed as alternative perovskites in PSCs. 
Their identification reproduces the results of alternative experimental perovskite searches 
in recent years, and suggests that our material search scheme is a very reliable method. In 
addition, sodium-, potassium-, and ammonium-based multi-A-cation tin-halide 
perovskites that have not been reported in previous studies, namely, KMASn2Br6, 
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KMASn2Br3I3, KMASn2I6, KNH4Sn2Br6, KNH4Sn2Br3I3, KNH4Sn2I6, and NaNH4Sn2I6, 
were identified. Furthermore, 10 inorganic tin-halide perovskites, namely, KSnBr3, 
K2Sn2Br3I3, K2Sn2Cl3I3, KSnI3, NaKSn2Br6, NaKSn2Br3I3, NaKSn2I6, Na2Sn2Br3I3, 
Na2Sn2Cl3I3, and NaSnI3, are first reported in this study. These perovskites contain the 
well-known tin-halide framework. Therefore, the existence of these perovskites is easy to 
imagine. In addition to the tin-halide perovskites, two novel inorganic perovskites were 
identified. One is a copper-halide-based perovskite, CaSrCu2I6, and the other is a sulfide 
perovskite, CaBaMnNbS6. These perovskites include divalent A- and A′-cations and 
transition metals as the B- and B′-cations. The compositions are significantly different 
from those conventionally used in the PSC field, and they have not been investigated as 
PSC materials. However, we expect that CaSrCu2I6, CaBaMnNbS6, and similar 
perovskites will show appropriate properties for use as solar cell materials. 
 For the novel organic-inorganic tin-halide, inorganic tin-halide, CaSrCu2I6, and 
CaBaMnNbS6 perovskites, more detailed examinations are needed to investigate the 
thermochemical stabilities, light absorbance, and levels of CBM and VBM. Table 4.6 lists 
the formation enthalpies calculated by PBE + U with FERE, band gaps calculated by the 
HSE06 functional, gap types, and levels of CBM and VBM relative to the vacuum level 
for the novel perovskite candidates. Notably, the HSE06 functional might seriously 
underestimate the band gaps of CaSrCu2I6 and CaBaMnNbS6 because of the strong 
electron correlations of Cu and Mn atoms. The formation enthalpies are exothermic for 
all novel perovskites, and the candidates discovered in this study can be 
thermochemically stable as perovskite structures. All novel organic-inorganic tin-halide 
and inorganic tin-halide perovskites show direct band gaps and are expected to have 
relatively large light absorption coefficients in the visible light region. However, the band 
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gaps calculated by HSE06 are smaller than those predicted by machine learning. 
Therefore, the HSE06 calculations might underestimate the band gaps of the novel 
organic-inorganic tin-halide and inorganic tin-halide perovskites. In comparison with 
lead-based perovskite such as MAPbI3, the novel tin-halide perovskites show relatively 
large electron effective mass (𝑚e
∗) and small hole effective mass (𝑚h
∗ ) (𝑚e
∗ = 0.31 a.u. 
and 𝑚h
∗  = 0.70 a.u. in MAPbI3). On the other hand, the PCE of MAPbI3 is ~20% which 
is higher than that of known tin-halide perovskites (~7%) [205]. Thus, smaller 𝑚e
∗ can 
be suitable for high PCE. In fact, the electron transport materials are not used in PSCs, 
and the perovskite materials have to transport the carrier electrons to the electrode. In the 
novel tin-based double-perovskites, NaKSn2I6 and KNH4Sn2I6 show relatively small 𝑚e
∗ 
(0.73 and 0.72 a.u.), and they can be expected as good potential lead-free perovskites. By 
contrast, for the CaSrCu2I6 and CaBaMnNbS6 perovskites, the gap types are indirect band 
gaps, and the light absorption coefficients are expected to be relatively small. However, 
CaSrCu2I6 and CaBaMnNbS6 perovskites show thermochemical stability and small 
effective masses of electrons and holes. These characteristics are related to high carrier 
mobility. Therefore, CaSrCu2I6, CaBaMnNbS6, and similar perovskites can be expected 
as potential candidates for photovoltaic materials, and we suggest that experimental 
studies are needed for these novel perovskites. 
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Table 4.4. Band gap predicted by machine learning model (𝐸g), cost, ratios of Bravais lattice vector lengths (|𝐚| |𝐛|⁄ , |𝐚| |𝐜|⁄ , and |𝐛| |𝐜|⁄ ), 
angles between Bravais lattice vectors (α, β, and γ), direct band gap (𝐸direct), and indirect band gap (𝐸indirect) calculated by first principles; 
electron effective mass 𝑚e
∗, hole effective mass 𝑚h











∗ /a.u. 𝐸b/meV 
Ba2CrMoO6 2.18  210  1.99 1.99 1.00 90.0 90.0 90.0 0.00  0.00 0.32  3.30  0  
BaCuBr3 2.15  187  2.00 2.00 1.00 90.0 90.0 90.0 1.62  0.24 0.27  50.73  142  
Ba2Cu2Br3I3 1.65  207  1.98 1.98 1.00 90.0 90.0 90.0 1.31  0.00 0.29  180.20  87  
Ba2Cu2Cl3I3 2.05  195  1.93 1.93 1.00 90.0 90.0 90.0 1.26  0.00 0.34  178.48  160  
BaCuI3 1.59  227  2.00 2.00 1.00 90.0 90.0 90.0 1.21  0.00 0.26  20.21  74  
BaMACrCuBr3I3 1.77  143  2.03 1.95 0.96 89.4 89.6 89.9 0.00  0.00 11.63  19.63  0  
BaMACrCuI6 1.72  163  2.05 1.99 0.97 89.6 89.8 90.1 0.01  0.00 2.97  22.69  0  
BaMACuSnBr6 2.05  135  1.91 1.87 0.98 90.3 86.6 89.7 1.21  1.13 2.40  20.48  1035  
BaMACuSnBr3I3 1.41  155  1.76 1.74 0.99 90.3 87.9 89.2 1.04  1.01 2.97  1.05  270  
BaMACuSnCl3I3 1.92  143  1.71 1.70 1.00 90.5 88.3 89.7 0.82  0.80 3.92  0.43  125  













∗ /a.u. 𝐸b/meV 
BaMACuSnI6 1.39  174  1.85 1.80 0.97 90.5 87.9 89.5 0.97  0.94 2.78  1.44  307  
BaMACuZnBr3I3 1.70  130  1.70 1.60 0.94 90.1 89.2 89.6 0.89  0.70 0.27  6.98  150  
BaMACuZnCl3I3 2.12  118  1.67 1.61 0.96 89.9 89.1 89.2 0.91  0.76 0.33  7.28  204  
BaMACuZnI6 1.62  149  1.88 1.65 0.87 90.1 89.3 90.1 0.63  0.00 0.20  1.56  73  
BaMAFeCuBr3I3 1.65  130  2.01 1.96 0.98 89.3 89.4 89.9 0.00  0.00 11.70  2.33  0  
BaMAFeCuCl3I3 2.12  119  1.87 1.85 0.99 89.1 88.9 88.8 0.03  0.00 3.31  7.40  1  
BaMAFeCuI6 1.61  150  2.03 1.98 0.97 89.6 89.6 90.0 0.00  0.00 3.48  6.88  0  
BaNH4CrCuBr3I3 1.79  142  2.17 2.13 0.98 90.1 89.8 89.9 0.00  0.00 3.20  20.16  1  
BaNH4CrCuI6 1.71  162  2.13 2.12 1.00 90.1 89.9 89.9 0.00  0.00 11.26  10.22  0  
BaNH4CrSbO6 2.14  98  1.91 1.90 0.99 91.1 90.0 89.8 0.01  0.00 7.88  4337.82  0  
BaNH4CuSnBr6 2.06  135  1.94 1.93 1.00 90.8 89.6 90.3 0.65  0.65 1.04  0.36  84  
BaNH4CuSnBr3I3 1.41  154  1.86 1.86 1.00 90.6 89.7 90.2 0.40  0.40 1.05  0.34  31  
BaNH4CuSnCl3I3 1.92  143  1.67 1.73 1.04 91.0 84.7 91.1 0.99  0.96 2.38  0.78  199  













∗ /a.u. 𝐸b/meV 
BaNH4CuSnI6 1.37  174  1.94 1.93 1.00 90.6 89.4 90.1 0.50  0.24 0.72  0.29  34  
BaNH4CuZnBr3I3 1.71  129  1.95 1.94 1.00 90.4 89.9 90.2 0.59  0.00 0.29  45.17  1  
BaNH4CuZnCl3I3 2.15  117  1.89 1.88 1.00 90.4 89.9 90.3 0.53  0.00 0.51  1.01  85  
BaNH4CuZnI6 1.59  149  2.01 2.00 1.00 90.4 90.0 90.1 0.67  0.00 0.19  487.41  60  
BaNH4FeCuBr3I3 1.66  130  2.08 2.07 1.00 90.3 89.7 90.1 0.00  0.00 9.84  32.00  0  
BaNH4FeCuCl3I3 2.14  118  2.13 2.11 0.99 90.2 89.5 90.2 0.00  0.00 6.12  0.77  0  
BaNH4FeCuI6 1.59  149  2.10 2.09 1.00 90.2 89.8 90.1 0.00  0.00 2.47  175.31  0  
CaBaCrMoO6 2.16  143  1.98 1.98 1.00 90.0 90.0 90.0 0.00  0.00 0.33  3.98  0  
CaBaCu2Br3I3 1.80  140  2.44 2.44 1.00 90.0 90.0 90.0 1.21  0.37 0.32  1158.13  190  
CaBaCu2Cl3I3 2.16  128  2.37 2.37 1.00 90.0 90.0 90.0 1.33  0.32 0.35  1423.47  230  
CaBaCu2I6 1.72  159  2.00 2.00 1.00 90.0 90.0 90.0 0.00  0.00 0.34  11.32  28  
CaBaMnNbS6 2.18  194  1.91 1.91 1.00 90.0 90.0 90.0 0.00  0.00 0.55  0.62  0  
Ca2CrMoO6 2.05  75  1.99 1.99 1.00 90.0 90.0 90.0 0.00  0.00 0.31  4.63  0  













∗ /a.u. 𝐸b/meV 
Ca2Cu2Br3I3 2.01  72  1.99 1.99 1.00 90.0 90.0 90.0 0.04  0.00 0.42  54.51  1  
CaCuI3 1.93  92  2.00 2.00 1.00 90.0 90.0 90.0 0.00  0.00 0.37  0.32  8  
Ca2FeMoO6 2.19  63  1.95 1.95 1.00 90.0 90.0 90.0 0.00  0.00 0.63  32.78  0  
CaNH4CrCuBr3I3 1.88  75  2.17 2.14 0.99 90.1 90.0 89.7 0.00  0.00 5.09  65.74  1  
CaNH4CrCuI6 1.80  95  1.81 2.39 1.32 90.0 90.0 92.5 0.04  0.00 2.12  4.29  0  
CaNH4CuSnBr6 2.11  67  1.77 1.79 1.01 104.3 89.7 97.6 1.90  1.65 1.62  3.13  860  
CaNH4CuSnBr3I3 1.50  87  1.63 1.61 0.99 101.5 89.8 89.7 1.18  1.10 1.81  0.87  274  
CaNH4CuSnCl3I3 1.98  75  1.60 1.61 1.00 90.7 88.8 87.9 1.04  0.94 1.39  0.54  172  
CaNH4CuSnI6 1.46  106  1.73 1.72 0.99 104.8 91.0 95.3 1.31  1.16 1.94  4.34  605  
CaNH4CuZnBr3I3 1.79  62  1.89 2.87 1.51 90.0 90.0 86.9 1.65  1.65 0.39  29.80  314  
CaNH4CuZnI6 1.65  81  1.86 2.86 1.54 90.0 90.1 91.4 1.86  1.86 0.44  9.17  320  
CaNH4FeCuBr3I3 1.75  62  1.83 2.39 1.31 90.4 90.0 94.8 0.01  0.00 2.30  16.05  0  
CaNH4FeCuCl3I3 2.19  51  2.11 2.10 1.00 90.2 89.8 89.9 0.00  0.00 1.83  14.38  0  













∗ /a.u. 𝐸b/meV 
CaNH4FeCuI6 1.67  82  2.09 2.09 1.00 90.1 89.8 90.0 0.00  0.00 1.91  90.43  0  
CaNH4TiNbS6 1.98  228  2.03 2.11 1.04 90.2 90.1 90.8 0.81  0.04 0.49  0.72  32  
CaSrCrMoO6 2.12  155  1.99 1.99 1.00 90.0 90.0 90.0 0.00  0.00 0.32  4.40  0  
CaSrCu2Br3I3 1.90  152  2.48 2.48 1.00 90.0 90.0 90.0 1.32  0.33 0.31  853.66  194  
CaSrCu2I6 1.81  171  2.00 2.00 1.00 90.0 90.0 90.0 0.00  0.00 0.36  0.45  10  
FA2CrSnI6 1.81  110  1.83 1.99 1.09 90.0 90.0 89.7 0.00  0.00 4.99  0.82  0  
FA2CuBiBr3I3 1.84  133  1.77 1.90 1.07 90.0 90.0 90.1 0.10  0.00 0.52  5.40  11  
FA2CuBiCl3I3 2.17  121  1.71 1.83 1.07 90.0 90.0 89.9 0.11  0.00 1.83  7.24  38  
FA2CuBiI6 1.88  153  1.81 1.94 1.07 90.0 90.0 90.0 0.00  0.00 0.42  9.28  0  
FA2CuSbI6 2.15  77  1.85 1.99 1.07 90.0 90.0 89.8 0.00  0.00 0.25  0.70  0  
FASnI3 1.51  122  1.96 2.00 1.02 90.0 90.0 90.1 0.18  0.18 0.84  0.10  4  
FA2ZnSnI6 1.83  97  1.78 1.91 1.07 90.0 90.0 89.8 1.03  0.55 0.94  1.02  162  
FAGACuBiBr3I3 1.84  133  1.87 2.01 1.07 90.0 90.0 90.2 0.00  0.00 1.10  2.00  0  













∗ /a.u. 𝐸b/meV 
FAGACuBiI6 1.90  153  1.92 2.06 1.07 90.0 90.0 90.3 0.00  0.00 0.62  1.19  0  
KBaCrCuBr3I3 1.79  181  2.17 2.17 1.00 90.0 90.0 90.0 0.00  0.00 7.63  30.39  0  
KBaCrCuI6 1.73  201  2.12 2.12 1.00 90.0 90.0 90.0 0.00  0.00 2.90  18.00  1  
KBaCrSbO6 2.15  137  2.03 2.03 1.00 90.0 90.0 90.0 0.00  0.00 0.38  3.22  0  
KBaCuSnBr6 2.03  173  1.94 1.94 1.00 90.0 90.0 90.0 0.72  0.72 1.07  0.40  101  
KBaCuSnBr3I3 1.40  193  1.88 1.88 1.00 90.0 90.0 90.0 0.59  0.59 1.11  0.48  62  
KBaCuSnCl3I3 1.90  181  1.86 1.86 1.00 90.0 90.0 90.0 0.76  0.74 1.25  5.06  255  
KBaCuSnI6 1.38  213  1.94 1.94 1.00 90.0 90.0 90.0 0.54  0.30 0.76  0.30  39  
KBaCuZnBr3I3 1.71  168  2.19 2.19 1.00 90.0 90.0 90.0 0.58  0.00 0.35  1883.96  170  
KBaCuZnCl3I3 2.13  156  2.16 2.16 1.00 90.0 90.0 90.0 0.57  0.00 0.55  55706.23  244  
KBaCuZnI6 1.60  187  2.02 2.02 1.00 90.0 90.0 90.0 0.72  0.00 0.19  389.29  62  
KBaFeCuBr3I3 1.66  168  2.11 2.11 1.00 90.0 90.0 90.0 0.00  0.00 3.55  1.30  0  
KBaFeCuCl3I3 2.12  157  2.10 2.10 1.00 90.0 90.0 90.0 0.00  0.00 4.19  341.59  0  













∗ /a.u. 𝐸b/meV 
KBaFeCuI6 1.60  188  2.10 2.10 1.00 90.0 90.0 90.0 0.00  0.00 2.41  2896.03  0  
KCaCrCuBr3I3 1.91  114  2.29 2.29 1.00 90.0 90.0 90.0 0.00  0.00 1.81  17.62  0  
KCaCrCuI6 1.84  133  2.23 2.23 1.00 90.0 90.0 90.0 0.00  0.00 2.50  7.71  0  
KCaCuSnBr6 2.10  106  1.95 1.95 1.00 90.0 90.0 90.0 0.70  0.24 0.70  0.24  56  
KCaCuSnBr3I3 1.53  125  1.91 1.91 1.00 90.0 90.0 90.0 0.48  0.10 0.70  0.38  29  
KCaCuSnCl3I3 1.98  114  2.65 2.65 1.00 90.0 90.0 90.0 0.96  0.00 3.21  1457.93  1685  
KCaCuSnI6 1.50  145  1.95 1.95 1.00 90.0 90.0 90.0 0.48  0.09 0.78  0.20  24  
KCaCuZnBr3I3 1.81  100  2.38 2.38 1.00 90.0 90.0 90.0 0.55  0.00 0.25  623.91  135  
KCaCuZnI6 1.69  120  2.45 2.45 1.00 90.0 90.0 90.0 0.54  0.00 0.22  964.34  109  
KCaFeCuBr3I3 1.77  101  2.03 2.03 1.00 90.0 90.0 90.0 0.00  0.00 5.06  682.64  0  
KCaFeCuCl3I3 2.19  89  2.14 2.14 1.00 90.0 90.0 90.0 0.00  0.00 1.61  991.08  0  
KCaFeCuI6 1.71  121  2.10 2.10 1.00 90.0 90.0 90.0 0.00  0.00 1.60  920.46  0  
K2AlCuBr3I3 2.01  132  2.06 2.06 1.00 90.0 90.0 90.0 0.19  0.00 0.24  573.72  95  













∗ /a.u. 𝐸b/meV 
K2Cr2Br3I3 2.09  155  2.01 2.01 1.00 90.0 90.0 90.0 0.00  0.00 8.73  1.04  0  
KCrI3 1.94  175  2.00 2.00 1.00 90.0 90.0 90.0 0.00  0.00 1.40  1.59  0  
K2CrFeBr3I3 1.91  142  2.32 2.32 1.00 90.0 90.0 90.0 0.00  0.00 1.36  17.01  0  
K2CrSnBr6 2.16  147  1.98 1.98 1.00 90.0 90.0 90.0 0.00  0.00 3.60  0.41  0  
K2CrSnBr3I3 1.56  167  1.93 1.93 1.00 90.0 90.0 90.0 0.00  0.00 3.92  7.55  0  
K2CrSnCl3I3 2.03  155  1.90 1.90 1.00 90.0 90.0 90.0 0.00  0.00 4.66  48.37  0  
K2CrSnI6 1.55  187  1.98 1.98 1.00 90.0 90.0 90.0 0.00  0.00 2.65  3.78  0  
K2CrZnBr3I3 1.85  142  2.23 2.23 1.00 90.0 90.0 90.0 0.00  0.00 86.35  14.72  0  
K2CrZnI6 1.77  162  2.13 2.13 1.00 90.0 90.0 90.0 0.00  0.00 21.25  6.23  0  
K2CuBiBr6 2.07  190  1.94 1.94 1.00 90.0 90.0 90.0 0.00  0.00 0.13  2.38  3  
K2CuBiBr3I3 1.48  209  1.87 1.87 1.00 90.0 90.0 90.0 0.00  0.00 0.24  0.77  0  
K2CuBiCl3I3 1.96  198  1.81 1.81 1.00 90.0 90.0 90.0 0.00  0.00 0.62  0.24  0  
K2CuBiI6 1.41  229  1.95 1.95 1.00 90.0 90.0 90.0 0.00  0.00 0.10  1.63  0  













∗ /a.u. 𝐸b/meV 
KCuBr3 2.04  115  2.00 2.00 1.00 90.0 90.0 90.0 0.00  0.00 0.37  7.37  0  
K2Cu2Br3I3 1.57  134  2.13 2.13 1.00 90.0 90.0 90.0 0.00  0.00 0.49  1044.20  0  
K2Cu2Cl3I3 1.95  122  2.29 2.29 1.00 90.0 90.0 90.0 0.00  0.00 14.65  6738.76  15  
KCuI3 1.55  154  2.00 2.00 1.00 90.0 90.0 90.0 0.00  0.00 0.32  1.76  0  
K2CuSbBr6 2.11  114  1.94 1.94 1.00 90.0 90.0 90.0 0.00  0.00 0.12  1.06  0  
K2CuSbBr3I3 1.63  133  1.88 1.88 1.00 90.0 90.0 90.0 0.00  0.00 0.17  1.01  0  
K2CuSbCl3I3 2.01  122  1.82 1.82 1.00 90.0 90.0 90.0 0.00  0.00 0.62  1.26  0  
K2CuSbI6 1.59  153  1.99 1.99 1.00 90.0 90.0 90.0 0.00  0.00 0.12  1.19  0  
K2FeSnBr6 2.07  135  1.94 1.94 1.00 90.0 90.0 90.0 0.00  0.00 4.72  0.28  0  
K2FeSnBr3I3 1.38  154  #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A 
K2FeSnCl3I3 1.92  142  1.86 1.86 1.00 90.0 90.0 90.0 0.00  -0.72 6.17  0.23  0  
K2FeSnI6 1.38  174  2.08 2.08 1.00 90.0 90.0 90.0 0.00  -0.49 3.20  0.22  0  
K2FeZnBr3I3 1.77  129  2.01 2.01 1.00 90.0 90.0 90.0 0.00  -0.20 4.20  46.45  0  













∗ /a.u. 𝐸b/meV 
K2MnCuBr3I3 1.80  132  2.13 2.13 1.00 90.0 90.0 90.0 0.00  -0.27 3.68  16.83  0  
K2MnCuI6 1.75  151  2.22 2.22 1.00 90.0 90.0 90.0 0.00  -0.33 3.49  24.15  0  
K2Mn2Br3I3 2.12  129  1.97 1.97 1.00 90.0 90.0 90.0 0.00  -0.38 0.75  2.88  0  
KNbS3 2.05  202  2.00 2.00 1.00 90.0 90.0 90.0 0.01  -0.87 0.26  6.77  0  
KSnBr3 1.92  159  2.00 2.00 1.00 90.0 90.0 90.0 0.29  0.29 0.79  0.09  9  
K2Sn2Br3I3 1.13  179  1.98 1.98 1.00 90.0 90.0 90.0 0.06  0.06 0.81  0.07  0  
K2Sn2Cl3I3 1.75  167  1.98 1.98 1.00 90.0 90.0 90.0 0.16  0.16 0.98  0.13  5  
KSnI3 1.14  198  2.00 2.00 1.00 90.0 90.0 90.0 0.17  0.17 0.74  0.08  2  
K2ZnSnBr6 2.15  134  1.92 1.92 1.00 90.0 90.0 90.0 0.90  -0.36 0.56  0.66  124  
K2ZnSnBr3I3 1.48  154  1.87 1.87 1.00 90.0 90.0 90.0 0.59  -0.36 1.29  1.00  101  
K2ZnSnCl3I3 2.02  142  1.83 1.83 1.00 90.0 90.0 90.0 0.33  -0.17 3.13  0.30  31  
K2ZnSnI6 1.41  173  1.93 1.93 1.00 90.0 90.0 90.0 0.67  -0.68 0.56  0.40  61  
K2Zn2Br3I3 1.89  129  2.23 2.23 1.00 90.0 90.0 90.0 0.02  -0.85 0.13  530.78  63  













∗ /a.u. 𝐸b/meV 
KZnI3 1.75  148  2.00 2.00 1.00 90.0 90.0 90.0 0.00  -0.55 0.16  18.35  5  
KMAAlCuBr3I3 2.00  94  1.65 1.66 1.00 88.5 89.1 89.6 1.84  1.81 0.35  6.30  346  
KMABi2O6 1.99  203  1.97 1.98 1.01 87.3 90.0 90.0 0.00  -0.67 2.80  2.84  0  
KMACr2Br3I3 2.09  117  1.78 1.63 0.92 89.0 89.8 89.4 0.01  0.00 1.92  0.66  0  
KMACr2I6 1.93  137  1.93 1.65 0.85 89.8 90.0 90.0 0.00  -0.27 3.02  1.59  0  
KMACrFeBr3I3 1.92  104  1.64 1.54 0.94 87.9 90.0 89.9 0.01  0.00 2.69  0.71  1  
KMACrSnBr6 2.19  109  1.87 1.84 0.98 89.4 88.7 89.7 0.01  0.00 9.37  2.06  0  
KMACrSnBr3I3 1.57  129  1.73 1.72 1.00 88.2 89.5 89.6 0.01  -0.14 2.52  4.41  0  
KMACrSnCl3I3 2.05  117  1.66 1.67 1.00 89.2 89.4 90.3 0.01  0.00 3.02  5.57  2  
KMACrSnI6 1.56  148  1.82 1.79 0.99 89.0 89.4 89.6 0.01  -0.12 2.96  2.84  0  
KMACrZnBr3I3 1.85  104  1.81 1.74 0.96 88.6 89.9 89.6 0.01  0.00 2.89  13.07  0  
KMACrZnI6 1.78  123  2.14 1.76 0.82 90.3 90.0 90.0 0.00  0.00 1.93  3.75  0  
KMACuBiBr6 2.09  152  1.86 1.84 0.99 89.7 89.5 89.6 0.03  -0.01 0.89  1.62  0  













∗ /a.u. 𝐸b/meV 
KMACuBiBr3I3 1.52  171  1.74 1.72 0.99 88.7 90.1 89.7 0.21  -0.06 0.57  1.94  26  
KMACuBiCl3I3 1.97  160  1.68 1.67 0.99 88.4 89.6 89.5 0.18  -0.07 0.54  27.16  25  
KMACuBiI6 1.47  191  1.84 1.80 0.98 90.1 89.8 89.8 0.15  -0.03 0.47  4.16  9  
KMACu2Br6 2.05  77  1.93 1.89 0.98 89.6 90.0 90.0 0.01  0.00 0.77  3.37  0  
KMACu2Br3I3 1.61  96  1.92 1.88 0.98 89.4 89.6 89.8 0.03  0.00 0.59  0.31  0  
KMACu2Cl3I3 1.96  84  1.71 1.68 0.98 87.9 89.9 88.7 0.02  0.00 0.86  0.54  1  
KMACu2I6 1.63  116  1.95 1.89 0.97 89.6 90.0 90.0 0.00  0.00 0.60  2.91  0  
KMACuGaBr6 2.13  224  1.67 1.66 0.99 88.0 90.9 90.1 1.26  1.24 0.46  4.26  421  
KMACuSbBr6 2.14  76  1.90 1.90 1.00 89.5 89.8 89.4 0.05  0.00 2.09  1.29  5  
KMACuSbBr3I3 1.70  95  1.77 1.75 0.99 89.5 89.9 89.4 0.12  0.00 2.83  3.52  0  
KMACuSbCl3I3 2.05  84  1.70 1.69 1.00 88.7 89.9 89.2 0.11  0.00 0.95  4.23  0  
KMACuSbI6 1.70  115  1.95 1.93 0.99 90.0 89.7 90.0 0.01  0.00 0.29  0.65  0  
KMAFeSnBr6 2.11  97  1.88 1.84 0.98 89.4 88.9 89.6 0.02  0.00 1.49  1.33  0  













∗ /a.u. 𝐸b/meV 
KMAFeSnBr3I3 1.41  116  1.77 1.76 0.99 89.0 89.4 89.1 0.01  0.00 6.56  0.61  0  
KMAFeSnCl3I3 1.96  104  1.72 1.72 1.00 89.1 89.4 89.2 0.01  0.00 3.36  1.83  0  
KMAFeSnI6 1.40  136  1.84 1.81 0.99 88.9 89.5 89.6 0.01  -0.20 31.82  0.78  0  
KMAFeZnBr3I3 1.79  91  1.83 1.73 0.94 89.0 89.5 89.5 0.03  0.00 2.85  2.49  0  
KMAMnCuBr3I3 1.81  94  2.05 1.99 0.97 88.1 89.7 90.1 0.01  0.00 6.43  11.12  0  
KMAMnCuI6 1.77  113  2.11 2.02 0.96 89.4 89.5 90.1 0.01  0.00 5.41  5.62  0  
KMAMn2Br3I3 2.12  91  1.59 1.52 0.96 87.7 89.9 89.6 0.01  0.00 2.12  0.89  0  
KMANb2S6 2.10  164  1.57 1.80 1.15 90.4 90.0 90.0 0.73  0.56 1.18  8.64  232  
KMASn2Br6 1.99  121  1.99 2.00 1.00 90.5 90.0 90.0 0.58  0.58 0.94  0.15  33  
KMASn2Br3I3 1.17  141  1.98 1.98 1.00 90.2 90.3 89.9 0.29  0.29 0.97  0.13  14  
KMASn2Cl3I3 1.81  129  1.95 1.96 1.01 89.7 90.5 89.8 0.39  0.37 0.70  0.17  21  
KMASn2I6 1.16  160  2.00 1.99 1.00 90.4 90.0 90.0 0.30  0.30 0.81  0.11  9  
KMAZnSnBr6 2.20  96  1.79 1.78 0.99 88.8 89.3 90.4 1.49  1.47 2.95  1.88  731  













∗ /a.u. 𝐸b/meV 
KMAZnSnBr3I3 1.52  116  1.71 1.71 1.00 88.9 89.5 90.2 0.99  0.89 1.06  0.48  122  
KMAZnSnCl3I3 2.06  104  1.66 1.67 1.01 89.2 89.4 90.8 0.78  0.73 1.53  0.37  89  
KMAZnSnI6 1.46  135  1.79 1.77 0.99 89.0 89.6 90.1 1.15  1.07 1.35  13.78  497  
KMAZn2Br3I3 1.90  91  1.51 1.48 0.98 88.0 89.8 89.8 1.83  1.79 0.27  4.98  235  
KMAZn2I6 1.79  110  1.55 1.52 0.98 87.6 90.0 90.0 1.28  1.28 0.24  6.98  162  
KNH4AlCuBr3I3 2.01  94  2.06 2.06 1.00 90.3 89.9 89.9 0.20  0.00 0.24  629.08  93  
KNH4Bi2O6 2.15  203  2.00 1.99 1.00 90.5 90.0 90.0 0.01  -0.85 0.58  14.37  1  
KNH4Cr2Br3I3 2.09  117  2.17 2.07 0.95 90.2 89.9 89.9 0.00  0.00 1.66  6.32  0  
KNH4Cr2I6 1.93  136  1.99 1.98 1.00 90.2 90.0 90.0 0.00  -0.36 2.02  1.63  0  
KNH4CrFeBr3I3 1.92  104  2.34 2.26 0.97 90.1 90.3 89.9 0.00  0.00 1.57  7.19  0  
KNH4CrSnBr6 2.19  109  1.98 1.98 1.00 90.6 89.6 90.0 0.01  0.00 3.29  0.53  0  
KNH4CrSnBr3I3 1.56  128  1.74 1.74 1.00 89.5 89.9 90.1 0.01  0.00 4.30  3.31  0  
KNH4CrSnCl3I3 2.05  117  1.62 1.65 1.02 90.9 89.9 91.0 0.02  0.00 0.84  5.84  0  













∗ /a.u. 𝐸b/meV 
KNH4CrSnI6 1.54  148  1.98 1.98 1.00 90.3 89.9 90.0 0.00  -0.25 2.26  3.92  0  
KNH4CrZnBr3I3 1.85  103  2.23 2.21 0.99 90.2 89.7 90.1 0.00  0.00 6.58  8.24  0  
KNH4CrZnI6 1.76  123  2.12 2.11 1.00 90.3 89.9 90.0 0.00  0.00 31.64  5.13  0  
KNH4CuBiBr6 2.10  151  1.85 1.85 1.00 90.3 90.8 90.4 0.01  0.00 2.23  0.96  0  
KNH4CuBiBr3I3 1.49  171  1.70 1.71 1.01 90.5 90.6 90.2 0.15  -0.02 7.19  4.17  134  
KNH4CuBiCl3I3 1.98  159  1.61 1.64 1.02 90.7 91.1 91.5 0.09  0.03 2.62  7.94  77  
KNH4CuBiI6 1.40  191  1.84 1.85 1.00 91.5 90.6 90.3 0.09  -0.01 1.07  4.13  34  
KNH4Cu2Br6 2.06  76  2.00 2.00 1.00 90.2 90.0 90.0 0.00  0.00 0.48  4.80  #N/A 
KNH4Cu2Br3I3 1.58  96  2.02 2.02 1.00 90.4 89.9 90.1 0.00  0.00 0.48  0.72  0  
KNH4Cu2Cl3I3 1.97  84  2.20 2.18 0.99 90.4 90.0 90.3 0.03  0.00 1.70  4.95  0  
KNH4Cu2I6 1.55  115  2.00 2.00 1.00 90.2 90.0 90.0 0.00  0.00 0.35  1.82  0  
KNH4CuGaBr6 2.14  223  1.99 1.99 1.00 90.1 90.0 90.0 0.01  -1.74 0.83  906.26  167  
KNH4CuGaCl3I3 1.98  231  2.07 2.07 1.00 90.3 90.3 90.7 0.07  -0.76 1.82  19.00  45  













∗ /a.u. 𝐸b/meV 
KNH4CuSbBr6 2.14  75  1.99 1.98 1.00 90.3 90.4 90.2 0.01  0.00 0.15  1.51  0  
KNH4CuSbBr3I3 1.65  95  1.76 1.75 1.00 90.8 90.4 90.2 0.07  0.00 3.00  0.45  0  
KNH4CuSbCl3I3 2.04  83  1.68 1.68 1.00 91.0 90.8 90.9 0.05  0.00 2.94  0.85  0  
KNH4CuSbI6 1.60  115  1.95 1.94 1.00 90.6 90.1 90.1 0.00  0.00 0.12  0.71  0  
KNH4FeSnBr6 2.10  96  1.89 1.88 0.99 91.4 90.1 89.6 0.01  0.00 2.34  0.61  0  
KNH4FeSnBr3I3 1.39  116  1.75 1.76 1.01 90.3 89.9 90.2 0.01  0.00 3.18  0.35  0  
KNH4FeSnCl3I3 1.95  104  1.72 1.72 1.00 90.2 89.9 91.2 0.01  0.00 5.51  2.72  0  
KNH4FeSnI6 1.37  135  1.95 1.94 0.99 90.2 87.7 90.7 0.00  -0.33 3.66  1.11  0  
KNH4FeZnBr3I3 1.78  91  2.12 2.07 0.98 90.7 89.6 90.3 0.02  0.00 5.40  13.95  0  
KNH4MnCuBr3I3 1.80  93  2.14 2.13 0.99 90.3 89.9 90.0 0.00  0.00 4.49  24.20  0  
KNH4MnCuI6 1.74  113  2.22 2.24 1.01 89.6 89.3 90.5 0.01  0.00 2.55  4.97  0  
KNH4Mn2Br3I3 2.12  90  2.36 1.92 0.81 90.0 91.4 89.9 0.00  0.00 4.65  1.54  0  
KNH4Nb2S6 2.05  163  2.00 2.00 1.00 90.1 90.0 90.0 0.00  -0.87 0.74  9.03  0  













∗ /a.u. 𝐸b/meV 
KNH4Sn2Br6 1.97  121  2.00 2.00 1.00 90.2 90.0 90.0 0.13  0.13 0.83  0.08  1  
KNH4Sn2Br3I3 1.14  140  2.00 1.99 1.00 90.8 90.1 90.0 0.04  0.04 0.79  0.08  0  
KNH4Sn2Cl3I3 1.79  128  1.97 1.98 1.00 90.4 90.3 90.1 0.10  0.08 0.60  0.09  1  
KNH4Sn2I6 1.12  160  2.00 2.00 1.00 90.1 90.0 90.0 0.05  0.05 0.72  0.07  0  
KNH4TiWO6 2.18  172  2.00 2.00 1.00 90.4 90.1 90.1 0.00  -0.20 36.35  5728.57  10  
KNH4ZnSnBr6 2.19  96  1.93 1.92 1.00 90.6 89.8 90.0 0.82  0.00 0.53  0.57  103  
KNH4ZnSnBr3I3 1.49  115  1.66 1.68 1.01 90.6 90.1 90.5 0.87  0.77 1.32  0.32  83  
KNH4ZnSnCl3I3 2.04  103  1.61 1.65 1.02 89.9 90.1 91.6 0.78  0.67 0.88  0.30  66  
KNH4ZnSnI6 1.40  135  1.93 1.93 1.00 90.4 89.9 90.0 0.55  -0.76 0.47  0.31  43  
KNH4Zn2Br3I3 1.89  90  2.77 1.99 0.72 90.1 86.1 90.1 1.38  1.38 0.30  6.30  249  
KNH4Zn2I6 1.74  110  2.00 2.00 1.00 90.2 90.0 90.0 0.01  0.00 0.16  5.91  2  
KSrCrCuBr3I3 1.84  193  2.23 2.23 1.00 90.0 90.0 90.0 0.00  -0.54 2.18  35.40  0  
KSrCrCuI6 1.77  213  2.16 2.16 1.00 90.0 90.0 90.0 0.00  -0.33 4.53  5.09  0  













∗ /a.u. 𝐸b/meV 
KSrCrSbO6 2.20  149  2.04 2.04 1.00 90.0 90.0 90.0 0.00  -1.58 0.41  2.57  0  
KSrCuSnBr6 2.06  185  1.96 1.96 1.00 90.0 90.0 90.0 0.98  0.76 0.48  0.59  106  
KSrCuSnBr3I3 1.45  205  1.89 1.89 1.00 90.0 90.0 90.0 0.39  0.34 0.50  0.28  16  
KSrCuSnCl3I3 1.93  193  1.95 1.95 1.00 90.0 90.0 90.0 1.12  0.70 0.57  0.48  100  
KSrCuSnI6 1.42  225  1.94 1.94 1.00 90.0 90.0 90.0 0.51  0.17 0.80  0.24  30  
KSrCuZnBr3I3 1.75  180  2.26 2.26 1.00 90.0 90.0 90.0 0.64  -0.69 0.27  3571.57  143  
KSrCuZnCl3I3 2.17  168  2.24 2.24 1.00 90.0 90.0 90.0 0.66  -0.32 0.38  8670.67  201  
KSrCuZnI6 1.63  200  2.00 2.00 1.00 90.0 90.0 90.0 0.74  -1.02 0.19  358.94  63  
KSrFeCuBr3I3 1.70  181  1.98 1.98 1.00 90.0 90.0 90.0 0.00  -1.08 13.25  416.37  0  
KSrFeCuCl3I3 2.15  169  2.15 2.15 1.00 90.0 90.0 90.0 0.00  -1.43 2.09  1036.75  0  
KSrFeCuI6 1.64  200  2.09 2.09 1.00 90.0 90.0 90.0 0.00  -1.01 1.81  2001.73  0  
LiMgMnMoO6 2.16  49  1.95 1.95 1.00 90.0 90.0 90.0 0.00  0.00 0.77  18.81  0  
MAFACr2Br3I3 2.17  79  1.67 1.74 1.04 89.0 89.4 90.9 0.00  0.00 3.09  3.30  0  













∗ /a.u. 𝐸b/meV 
MAFACr2I6 2.02  99  1.70 1.90 1.12 89.2 90.0 90.4 0.00  0.00 1.83  4.72  0  
MAFACrSnBr3I3 1.74  91  1.75 1.77 1.01 89.2 89.6 90.5 0.01  0.00 1.33  3.47  0  
MAFACrSnCl3I3 2.19  79  1.71 1.72 1.01 89.0 89.5 91.4 0.02  0.00 1.61  5.25  0  
MAFACrSnI6 1.72  110  1.82 1.84 1.01 89.2 89.5 90.0 0.01  0.00 1.62  2.54  0  
MAFACrZnBr3I3 1.96  66  1.80 1.82 1.01 89.3 89.5 90.4 0.01  0.00 3.14  24.63  0  
MAFACrZnI6 1.93  85  1.78 1.92 1.08 89.0 89.9 89.7 0.00  0.00 2.30  4.30  0  
MAFACuBiBr6 2.20  114  1.83 1.85 1.01 90.0 89.3 90.6 0.01  0.00 0.92  7.89  10  
MAFACuBiBr3I3 1.73  133  1.76 1.77 1.01 89.7 89.2 90.7 0.18  -0.19 1.85  1.71  9  
MAFACuBiCl3I3 2.10  122  1.71 1.72 1.01 89.2 89.4 91.7 0.17  0.00 2.17  4.55  8  
MAFACuBiI6 1.75  153  1.84 1.85 1.01 90.2 89.6 90.7 0.13  -0.12 1.06  4.35  1  
MAFACu2Br6 2.16  38  1.72 1.86 1.08 89.2 89.9 90.7 0.03  0.00 0.62  10.50  0  
MAFACu2Br3I3 1.82  58  1.74 1.73 0.99 90.2 89.0 90.0 0.05  0.00 1.10  3.39  3  
MAFACu2Cl3I3 2.08  46  1.72 1.70 0.99 90.2 88.6 90.3 0.05  0.00 2.45  1.75  8  













∗ /a.u. 𝐸b/meV 
MAFACu2I6 1.90  78  1.81 1.86 1.03 89.5 89.7 90.0 0.01  0.00 0.34  311.12  0  
MAFACuGaBr3I3 1.54  205  1.69 1.71 1.01 89.3 88.9 90.6 0.96  0.74 0.62  3.71  259  
MAFACuGaI6 1.48  225  1.74 1.76 1.01 89.3 89.4 90.2 1.04  0.93 0.41  3.91  204  
MAFACuSbBr3I3 1.95  57  1.79 1.79 1.00 90.0 88.9 90.9 0.08  0.00 0.78  1.24  1  
MAFACuSbI6 2.01  77  1.86 1.87 1.01 89.9 88.9 90.3 0.03  0.00 0.48  1.10  1  
MAFAFeSnBr3I3 1.63  78  1.78 1.80 1.01 89.7 89.6 90.9 0.01  0.00 1.92  0.36  0  
MAFAFeSnI6 1.60  98  1.83 1.86 1.01 89.3 89.6 90.2 0.02  0.00 0.93  1.14  0  
MAFAMnCuBr3I3 1.96  55  1.72 1.74 1.01 88.6 89.4 90.2 0.03  0.00 2.56  2.13  61  
MAFAMnCuI6 1.93  75  1.73 1.76 1.02 88.6 89.3 89.6 0.01  0.00 3.21  2.48  26  
MAFASn2Br3I3 1.44  103  1.96 1.96 1.00 89.9 89.5 90.5 0.09  0.08 0.82  0.10  2  
MAFASn2Cl3I3 2.05  91  1.94 1.94 1.00 90.4 89.9 89.8 0.19  0.19 2.74  0.13  6  
MAFASn2I6 1.39  122  1.98 1.98 1.00 90.1 89.4 90.0 0.14  0.14 1.00  0.09  2  
MAFAZnSnBr3I3 1.75  78  1.76 1.77 1.01 89.0 89.5 90.2 0.84  0.79 1.22  0.86  145  













∗ /a.u. 𝐸b/meV 
MAFAZnSnI6 1.71  97  1.82 1.83 1.00 89.6 89.8 89.9 0.87  0.79 1.00  0.65  123  
MAFAZn2Br3I3 2.05  53  1.80 1.81 1.01 88.7 89.2 89.3 1.96  1.74 0.31  2.76  256  
MAFAZn2I6 2.00  72  1.81 1.85 1.02 89.0 88.8 89.5 1.89  1.72 0.29  5.38  226  
MA2AlCuBr3I3 2.05  56  1.93 1.73 0.90 89.4 90.3 90.1 0.72  0.21 0.24  8.52  145  
MA2Cr2Br3I3 2.13  79  1.95 1.65 0.85 90.0 89.7 90.1 0.00  0.00 2.03  1.28  0  
MACrI3 1.98  99  2.00 1.66 0.83 90.1 90.0 90.0 0.00  0.00 3.25  4.75  0  
MA2CrFeBr3I3 1.98  66  1.94 1.62 0.83 89.5 90.3 90.1 0.01  0.00 6.35  1.50  0  
MA2CrSnBr3I3 1.66  91  1.80 1.76 0.98 89.3 90.2 90.4 0.01  0.00 4.85  5.00  0  
MA2CrSnCl3I3 2.13  79  1.76 1.73 0.98 89.3 90.3 91.3 0.02  0.00 2.48  5.49  0  
MA2CrSnI6 1.65  110  1.93 1.83 0.95 89.9 89.9 90.0 0.00  0.00 5.21  1.03  0  
MA2CrZnBr3I3 1.91  66  1.97 1.74 0.89 89.7 90.1 90.2 0.01  0.00 5.85  2.44  0  
MA2CrZnI6 1.87  85  2.11 1.74 0.82 90.3 90.0 89.9 0.00  0.00 2.77  2.65  0  
MA2CuBiBr6 2.15  114  1.92 1.85 0.96 90.3 90.0 90.0 0.02  0.00 1.24  4.41  1  













∗ /a.u. 𝐸b/meV 
MA2CuBiBr3I3 1.64  133  1.81 1.75 0.97 90.0 90.2 90.2 0.08  -0.16 0.50  11.00  4  
MA2CuBiCl3I3 2.05  122  1.76 1.72 0.98 89.6 90.4 91.1 0.12  0.00 0.46  7.47  7  
MA2CuBiI6 1.63  153  1.88 1.81 0.96 90.4 90.0 90.0 0.01  -0.09 31.98  5.97  2  
MACuBr3 2.11  39  2.00 1.63 0.82 90.2 90.0 90.0 0.00  0.00 1.72  2.49  0  
MA2Cu2Br3I3 1.73  58  2.09 1.65 0.79 90.1 89.8 89.9 0.03  0.00 2.00  4.86  1  
MA2Cu2Cl3I3 2.03  46  2.09 1.70 0.81 89.9 89.6 88.8 0.03  0.00 1.25  1.13  0  
MACuI3 1.79  78  2.00 1.56 0.78 90.2 90.0 89.9 0.00  0.00 0.92  1.75  0  
MA2CuGaBr6 2.19  186  1.86 1.75 0.94 89.0 90.0 90.0 1.28  1.21 0.58  13.92  571  
MA2CuGaBr3I3 1.46  205  1.82 1.69 0.93 89.1 89.4 89.3 0.85  0.70 0.58  4.06  284  
MA2CuGaCl3I3 2.04  193  1.79 1.73 0.97 88.1 90.2 89.5 1.43  1.36 3.74  59.30  2907  
MA2CuGaI6 1.39  225  1.94 1.70 0.87 89.8 90.0 90.0 0.04  -0.31 0.27  4.09  21  
MA2CuSbBr3I3 1.85  57  1.84 1.79 0.97 90.3 90.1 90.3 0.02  0.00 1.52  15.12  1  
MA2CuSbCl3I3 2.14  46  1.80 1.76 0.98 89.7 89.9 90.7 0.08  0.00 1.94  2.15  1  













∗ /a.u. 𝐸b/meV 
MA2CuSbI6 1.89  77  1.92 1.86 0.97 90.3 90.0 90.0 0.01  0.00 0.45  9.78  0  
MA2FeSnBr3I3 1.54  78  1.82 1.78 0.98 89.7 89.9 90.3 0.01  0.00 2.01  0.43  0  
MA2FeSnCl3I3 2.07  66  1.79 1.76 0.99 89.9 90.0 90.8 0.01  0.00 3.49  0.64  0  
MA2FeSnI6 1.51  98  1.89 1.81 0.96 89.6 89.9 90.5 0.01  0.00 6.32  1.34  0  
MA2FeZnBr3I3 1.88  53  2.07 1.76 0.85 89.8 89.5 90.0 0.04  0.00 2.97  2.41  2  
MA2MnCuBr3I3 1.90  55  1.96 1.68 0.86 89.3 90.3 90.2 0.02  0.00 0.99  4.32  3  
MA2MnCuI6 1.86  75  2.12 1.69 0.80 90.0 90.0 89.9 0.00  0.00 2.95  1.42  0  
MA2Mn2Br3I3 2.17  53  1.94 1.63 0.84 89.6 89.7 90.1 0.01  0.00 23.21  15.28  0  
MA2Sn2Br6 2.13  83  2.00 1.98 0.99 90.4 90.0 90.0 0.76  0.73 0.37  0.22  36  
MA2Sn2Br3I3 1.33  103  1.99 1.97 0.99 90.4 90.0 90.1 0.33  0.33 1.00  0.13  13  
MA2Sn2Cl3I3 1.96  91  1.96 1.96 1.00 89.9 89.8 90.5 0.29  0.29 0.88  0.12  11  
MASnI3 1.29  122  2.00 1.98 0.99 90.3 90.0 90.0 0.43  0.43 0.78  0.15  16  
MA2ZnSnBr3I3 1.65  78  1.79 1.74 0.97 89.8 90.0 90.3 0.95  0.87 0.95  1.03  170  













∗ /a.u. 𝐸b/meV 
MA2ZnSnCl3I3 2.16  66  1.75 1.71 0.98 89.3 90.2 91.1 0.90  0.82 1.31  0.89  167  
MA2ZnSnI6 1.60  97  1.84 1.78 0.97 89.6 90.0 90.0 1.07  0.97 1.13  1.49  238  
MA2Zn2Br3I3 1.98  53  1.98 1.81 0.92 89.3 88.9 89.1 2.12  1.82 0.29  15.06  287  
MAZnI3 1.91  72  1.74 1.61 0.93 89.3 90.0 90.0 1.07  0.82 0.22  3.68  130  
Mg2FeMoO6 2.14  48  1.97 1.97 1.00 90.0 90.0 90.0 0.00  0.00 0.54  7.89  0  
NaBaCrCuBr3I3 1.71  155  2.18 2.18 1.00 90.0 90.0 90.0 0.00  -0.52 2.33  12.87  0  
NaBaCrCuI6 2.03  141  2.14 2.14 1.00 90.0 90.0 90.0 0.00  -0.37 4.27  11.17  0  
NaBaCuSnBr6 1.66  134  2.13 2.13 1.00 90.0 90.0 90.0 1.11  0.41 0.61  2643.49  279  
NaBaCuSnBr3I3 1.66  153  1.86 1.86 1.00 90.0 90.0 90.0 0.37  0.37 1.24  0.27  30  
NaBaCuSnCl3I3 2.13  157  1.81 1.81 1.00 90.0 90.0 90.0 0.38  0.38 1.30  0.33  38  
NaBaCuSnI6 1.57  176  1.94 1.94 1.00 90.0 90.0 90.0 0.46  0.15 0.66  0.26  27  
NaBaCuZnBr3I3 2.02  164  2.18 2.18 1.00 90.0 90.0 90.0 0.66  -0.89 0.34  2394.08  159  
NaBaCuZnI6 1.48  196  2.02 2.02 1.00 90.0 90.0 90.0 0.68  -1.25 0.20  290.78  62  













∗ /a.u. 𝐸b/meV 
NaBaFeCuBr3I3 2.17  228  2.12 2.12 1.00 90.0 90.0 90.0 0.00  -1.46 4.42  3967.67  0  
NaBaFeCuCl3I3 2.19  123  2.16 2.16 1.00 90.0 90.0 90.0 0.00  0.00 10.33  958.08  0  
NaBaFeCuI6 1.48  141  2.10 2.10 1.00 90.0 90.0 90.0 0.00  -1.09 2.26  885.68  0  
NaCaCrCuBr3I3 2.09  80  2.32 2.32 1.00 90.0 90.0 90.0 0.00  0.00 3.54  16.70  0  
NaCaCrCuI6 2.03  100  2.37 2.37 1.00 90.0 90.0 90.0 0.00  0.00 3.57  8.23  0  
NaCaCuSnBr3I3 1.76  92  1.87 1.87 1.00 90.0 90.0 90.0 0.38  0.38 1.17  0.27  31  
NaCaCuSnCl3I3 2.13  80  1.84 1.84 1.00 90.0 90.0 90.0 0.22  0.22 1.25  0.31  5  
NaCaCuSnI6 1.74  112  1.92 1.92 1.00 90.0 90.0 90.0 0.54  0.41 0.95  0.31  55  
NaCaCuZnBr3I3 2.00  67  2.35 2.35 1.00 90.0 90.0 90.0 0.51  0.00 0.30  3834.96  175  
NaCaCuZnI6 1.88  87  2.42 2.42 1.00 90.0 90.0 90.0 0.35  0.00 0.23  879.83  125  
NaCaFeCuBr3I3 1.97  68  2.10 2.10 1.00 90.0 90.0 90.0 0.01  0.00 6.88  1416.23  0  
NaCaFeCuI6 1.91  87  2.10 2.10 1.00 90.0 90.0 90.0 0.00  0.00 6.56  779.79  0  
NaKAlCuBr3I3 2.09  99  2.05 2.05 1.00 90.0 90.0 90.0 0.22  0.00 0.25  574.42  94  













∗ /a.u. 𝐸b/meV 
NaKCr2Br3I3 2.16  122  2.16 2.16 1.00 90.0 90.0 90.0 0.00  0.00 2500.19  35.51  0  
NaKCr2I6 2.06  169  1.97 1.97 1.00 90.0 90.0 90.0 0.00  -0.21 2.56  1.34  0  
NaKCrFeBr3I3 1.99  109  2.29 2.29 1.00 90.0 90.0 90.0 0.00  0.00 1.11  9.98  0  
NaKCrSnBr6 2.20  114  1.99 1.99 1.00 90.0 90.0 90.0 0.00  0.00 4.31  4.16  0  
NaKCrSnBr3I3 1.24  145  2.41 2.41 1.00 90.0 90.0 90.0 0.00  -0.34 2.25  10.98  0  
NaKCrSnCl3I3 2.08  122  2.45 2.45 1.00 90.0 90.0 90.0 0.00  0.00 3.18  11.59  0  
NaKCrSnI6 1.78  134  1.98 1.98 1.00 90.0 90.0 90.0 0.00  -0.20 4.38  3.53  0  
NaKCrZnBr3I3 1.93  109  2.08 2.08 1.00 90.0 90.0 90.0 0.00  0.00 39.11  12.03  0  
NaKCrZnI6 1.85  128  2.14 2.14 1.00 90.0 90.0 90.0 0.00  0.00 13.49  4.04  0  
NaKCuBiBr6 1.27  165  2.01 2.01 1.00 90.0 90.0 90.0 0.00  -0.10 0.87  6.95  0  
NaKCuBiBr3I3 1.49  140  1.87 1.87 1.00 90.0 90.0 90.0 0.00  -0.30 0.34  0.47  0  
NaKCuBiCl3I3 1.77  143  1.97 1.97 1.00 90.0 90.0 90.0 0.74  0.19 0.89  2.66  106  
NaKCuBiI6 2.15  131  2.05 2.05 1.00 90.0 90.0 90.0 0.00  -0.09 0.71  4.50  0  













∗ /a.u. 𝐸b/meV 
NaKCu2Br6 2.11  81  1.99 1.99 1.00 90.0 90.0 90.0 0.00  0.00 0.66  7.76  0  
NaKCu2Br3I3 1.65  101  2.02 2.02 1.00 90.0 90.0 90.0 0.00  0.00 0.45  0.68  0  
NaKCu2Cl3I3 2.01  89  2.33 2.33 1.00 90.0 90.0 90.0 0.00  0.00 0.46  377.45  0  
NaKCu2I6 1.60  120  2.00 2.00 1.00 90.0 90.0 90.0 0.00  0.00 0.39  5.50  0  
NaKCuGaBr6 1.68  162  2.00 2.00 1.00 90.0 90.0 90.0 0.19  -1.70 0.82  1198.63  219  
NaKCuSbBr6 2.14  81  2.00 2.00 1.00 90.0 90.0 90.0 0.00  0.00 0.15  1.91  0  
NaKCuSbBr3I3 1.67  100  1.89 1.89 1.00 90.0 90.0 90.0 0.00  0.00 0.27  1.51  0  
NaKCuSbCl3I3 2.05  88  1.84 1.84 1.00 90.0 90.0 90.0 0.00  0.00 0.59  0.73  0  
NaKCuSbI6 1.61  120  1.99 1.99 1.00 90.0 90.0 90.0 0.00  0.00 0.15  1.78  0  
NaKFeSnBr6 2.10  101  1.92 1.92 1.00 90.0 90.0 90.0 0.00  0.00 4.28  4.65  0  
NaKFeSnBr3I3 1.48  121  1.91 1.91 1.00 90.0 90.0 90.0 0.00  0.00 1.87  0.20  0  
NaKFeSnCl3I3 1.96  109  1.88 1.88 1.00 90.0 90.0 90.0 0.00  0.00 5.04  0.20  0  
NaKFeSnI6 1.72  215  2.06 2.06 1.00 90.0 90.0 90.0 0.00  -0.50 4.06  0.22  #N/A 













∗ /a.u. 𝐸b/meV 
NaKFeZnBr3I3 1.85  96  2.11 2.11 1.00 90.0 90.0 90.0 0.00  0.00 0.59  53.05  0  
NaKMnCuBr3I3 1.87  98  2.12 2.12 1.00 90.0 90.0 90.0 0.00  0.00 23.61  15.77  0  
NaKMnCuI6 1.83  118  2.23 2.23 1.00 90.0 90.0 90.0 0.00  0.00 2.56  45.94  0  
NaKMn2Br3I3 2.18  96  1.92 1.92 1.00 90.0 90.0 90.0 0.00  0.00 2.73  14.48  0  
NaKNb2S6 2.16  203  2.00 2.00 1.00 90.0 90.0 90.0 0.00  -0.90 0.28  9.17  0  
NaKSn2Br6 1.94  126  2.00 2.00 1.00 90.0 90.0 90.0 0.11  0.11 0.78  0.07  0  
NaKSn2Br3I3 2.12  135  1.99 1.99 1.00 90.0 90.0 90.0 0.25  0.25 0.86  0.18  13  
NaKSn2Cl3I3 1.53  132  2.07 2.07 1.00 90.0 90.0 90.0 1.14  1.05 1.21  0.48  151  
NaKSn2I6 1.54  138  2.00 2.00 1.00 90.0 90.0 90.0 0.09  0.09 0.73  0.07  0  
NaKZnSnBr6 2.17  101  1.93 1.93 1.00 90.0 90.0 90.0 0.86  0.00 0.61  0.93  158  
NaKZnSnBr3I3 1.55  120  1.88 1.88 1.00 90.0 90.0 90.0 0.65  0.00 1.27  0.95  126  
NaKZnSnCl3I3 2.05  109  2.26 2.26 1.00 90.0 90.0 90.0 1.34  0.44 0.57  537.22  354  
NaKZnSnI6 1.44  157  1.94 1.94 1.00 90.0 90.0 90.0 0.74  -0.72 0.77  0.85  116  













∗ /a.u. 𝐸b/meV 
NaKZn2Br3I3 1.95  95  2.21 2.21 1.00 90.0 90.0 90.0 0.00  0.00 0.19  1442.44  85  
NaKZn2I6 1.80  115  2.00 2.00 1.00 90.0 90.0 90.0 0.00  0.00 0.16  5.72  2  
NaCrI3 2.18  108  2.00 2.00 1.00 90.0 90.0 90.0 0.00  0.00 1.49  2.62  0  
Na2CrFeBr3I3 2.14  76  1.89 1.89 1.00 90.0 90.0 90.0 0.00  0.00 0.56  3.24  0  
Na2CrSnBr3I3 1.85  100  2.38 2.38 1.00 90.0 90.0 90.0 0.00  0.00 2.11  11.92  0  
Na2CrSnCl3I3 2.20  88  2.43 2.43 1.00 90.0 90.0 90.0 0.00  0.00 2.74  19.69  0  
Na2CrSnI6 1.86  120  1.97 1.97 1.00 90.0 90.0 90.0 0.00  0.00 2.38  0.72  0  
Na2CrZnBr3I3 2.09  75  2.25 2.25 1.00 90.0 90.0 90.0 0.01  0.00 9.52  9.62  0  
Na2CrZnI6 2.02  95  2.13 2.13 1.00 90.0 90.0 90.0 0.00  0.00 11.66  3.88  0  
Na2CuBiBr3I3 2.16  152  2.07 2.07 1.00 90.0 90.0 90.0 0.68  -0.04 0.72  21928.70  99  
Na2CuBiCl3I3 1.63  172  1.84 1.84 1.00 90.0 90.0 90.0 0.00  -0.25 0.73  0.24  0  
Na2CuBiI6 2.04  160  1.97 1.97 1.00 90.0 90.0 90.0 0.00  -0.17 0.26  0.59  0  
Na2Cu2Br3I3 1.83  67  2.59 2.59 1.00 90.0 90.0 90.0 0.00  0.00 5.11  2555.73  0  













∗ /a.u. 𝐸b/meV 
Na2Cu2Cl3I3 2.15  56  2.44 2.44 1.00 90.0 90.0 90.0 0.00  0.00 0.46  449.04  0  
NaCuI3 1.77  87  2.00 2.00 1.00 90.0 90.0 90.0 0.00  0.00 0.37  2.29  1  
Na2CuGaBr3I3 1.61  191  2.28 2.28 1.00 90.0 90.0 90.0 0.17  -1.23 1.27  3522.36  84  
Na2CuGaCl3I3 1.89  147  2.28 2.28 1.00 90.0 90.0 90.0 0.12  -1.01 0.92  2195.18  28  
Na2CuSbBr3I3 1.83  67  1.91 1.91 1.00 90.0 90.0 90.0 0.00  0.00 0.53  0.90  0  
Na2CuSbCl3I3 2.17  55  1.86 1.86 1.00 90.0 90.0 90.0 0.01  0.00 0.64  1.07  0  
Na2CuSbI6 1.76  86  2.01 2.01 1.00 90.0 90.0 90.0 0.00  0.00 414.96  0.36  0  
Na2FeSnBr6 2.20  68  1.97 1.97 1.00 90.0 90.0 90.0 0.00  0.00 5.22  0.30  0  
Na2FeSnBr3I3 1.69  88  1.93 1.93 1.00 90.0 90.0 90.0 0.00  0.00 3.12  0.17  0  
Na2FeSnCl3I3 2.08  76  1.90 1.90 1.00 90.0 90.0 90.0 0.01  0.00 5.59  0.18  0  
Na2FeSnI6 1.71  107  1.89 1.89 1.00 90.0 90.0 90.0 0.00  0.00 3.59  1.53  0  
Na2FeZnBr3I3 2.00  63  2.12 2.12 1.00 90.0 90.0 90.0 0.00  0.00 35.16  55.26  0  
Na2MnCuBr3I3 2.03  65  2.18 2.18 1.00 90.0 90.0 90.0 0.01  0.00 10.81  482.03  0  













∗ /a.u. 𝐸b/meV 
Na2MnCuI6 1.99  84  2.22 2.22 1.00 90.0 90.0 90.0 0.00  0.00 2.37  23.83  0  
NaNbS3 1.78  166  2.00 2.00 1.00 90.0 90.0 90.0 0.00  -0.94 0.87  10.71  0  
NaSnBr3 2.06  92  2.00 2.00 1.00 90.0 90.0 90.0 0.00  0.00 0.49  0.07  0  
Na2Sn2Br3I3 1.48  112  2.00 2.00 1.00 90.0 90.0 90.0 0.40  0.40 0.81  0.18  22  
Na2Sn2Cl3I3 1.92  100  1.99 1.99 1.00 90.0 90.0 90.0 0.23  0.23 0.91  0.15  8  
NaSnI3 1.86  147  2.00 2.00 1.00 90.0 90.0 90.0 0.00  0.00 0.72  0.07  0  
Na2ZnSnBr3I3 1.74  87  1.90 1.90 1.00 90.0 90.0 90.0 0.46  0.00 1.45  0.96  141  
Na2ZnSnCl3I3 2.16  75  2.25 2.25 1.00 90.0 90.0 90.0 1.52  0.67 0.56  1463.91  361  
Na2ZnSnI6 1.69  107  1.94 1.94 1.00 90.0 90.0 90.0 0.56  0.00 0.81  0.77  109  
Na2Zn2Br3I3 2.09  62  2.19 2.19 1.00 90.0 90.0 90.0 0.00  0.00 0.15  1133.27  65  
NaZnI3 1.95  82  2.00 2.00 1.00 90.0 90.0 90.0 0.00  0.00 0.15  25.12  5  
NaNH4AlCuBr3I3 2.07  60  2.05 2.05 1.00 90.3 89.8 89.9 0.20  0.00 0.25  1331.51  91  
NaNH4Cr2Br3I3 2.15  83  2.24 2.02 0.90 90.0 89.5 90.1 0.00  0.00 2.99  11.03  0  













∗ /a.u. 𝐸b/meV 
NaNH4Cr2I6 2.00  103  2.00 2.00 1.00 90.1 90.0 90.0 0.00  0.00 1.50  1.47  0  
NaNH4CrFeBr3I3 1.97  71  2.17 1.83 0.84 90.5 90.7 89.9 0.01  0.00 6.13  0.61  0  
NaNH4CrSnBr6 2.20  75  1.99 1.98 1.00 90.6 89.6 90.0 0.00  0.00 2.91  1.67  0  
NaNH4CrSnBr3I3 1.63  95  1.75 1.75 1.00 89.9 89.3 88.6 0.01  0.00 2.29  3.58  0  
NaNH4CrSnCl3I3 2.08  83  1.63 1.65 1.02 90.1 90.2 86.8 0.12  0.00 1.17  11.33  14  
NaNH4CrSnI6 1.62  115  1.86 1.84 0.99 92.0 89.7 89.0 0.00  0.00 4.45  4.74  0  
NaNH4CrZnBr3I3 1.91  70  2.10 2.09 0.99 90.4 89.7 90.0 0.01  0.00 79.82  8.89  0  
NaNH4CrZnI6 1.82  90  2.10 2.10 1.00 90.3 89.9 90.0 0.00  0.00 18.53  4.10  0  
NaNH4CuBiBr6 2.13  118  1.96 1.95 1.00 90.5 90.4 90.2 0.01  0.00 0.76  1.09  0  
NaNH4CuBiBr3I3 2.17  190  1.73 1.77 1.02 90.3 90.5 91.2 0.08  -0.05 0.39  10.67  15  
NaNH4CuBiCl3I3 2.02  126  1.63 1.66 1.02 90.0 91.3 88.8 0.10  0.07 3.28  3.88  84  
NaNH4CuBiI6 1.46  209  1.93 1.93 1.00 91.2 90.1 90.5 0.10  0.08 2.09  1.63  58  
NaNH4Cu2Br6 2.11  43  2.00 1.99 1.00 90.4 90.0 90.0 0.00  0.00 1.25  9.45  0  













∗ /a.u. 𝐸b/meV 
NaNH4Cu2Br3I3 1.62  62  2.02 2.01 1.00 90.5 90.0 90.1 0.01  0.00 0.97  0.64  0  
NaNH4Cu2Cl3I3 2.01  50  2.24 2.22 0.99 90.6 90.0 90.3 0.07  0.00 0.50  469.30  0  
NaNH4Cu2I6 1.57  82  2.00 2.00 1.00 90.2 90.0 90.0 0.00  0.00 0.54  1.51  0  
NaNH4CuGaBr6 2.03  198  2.00 2.00 1.00 90.4 90.1 90.1 0.12  -1.74 0.87  2731.54  215  
NaNH4CuGaBr3I3 1.36  229  1.97 1.96 1.00 90.3 90.2 90.2 0.03  -1.29 0.61  137.38  9  
NaNH4CuGaCl3I3 2.04  130  2.15 2.15 1.00 90.2 90.1 90.3 0.13  -1.05 1.00  111.38  34  
NaNH4CuGaI6 2.18  229  1.99 1.99 1.00 90.4 90.0 90.1 0.01  -1.52 0.25  308.37  13  
NaNH4CuSbBr6 2.15  42  1.99 1.98 1.00 90.6 90.1 90.3 0.04  0.00 0.21  2.83  0  
NaNH4CuSbBr3I3 1.66  62  1.81 1.82 1.00 90.3 90.4 90.6 0.02  0.00 0.46  1.96  0  
NaNH4CuSbCl3I3 2.06  50  1.68 1.68 1.00 91.3 91.0 89.5 0.07  0.02 19.36  1.33  1  
NaNH4CuSbI6 1.58  81  1.99 1.99 1.00 90.4 90.2 90.1 0.03  0.00 0.21  1.79  0  
NaNH4FeSnBr6 2.11  63  1.92 1.91 1.00 91.0 89.3 89.9 0.01  0.00 1.41  1.99  0  
NaNH4FeSnBr3I3 1.45  82  1.80 1.80 1.00 90.4 90.2 89.1 0.01  0.00 2.71  2.58  0  













∗ /a.u. 𝐸b/meV 
NaNH4FeSnCl3I3 1.96  71  1.70 1.70 1.00 90.2 90.4 87.8 0.02  0.00 20.84  1.35  0  
NaNH4FeSnI6 1.44  102  1.97 1.96 1.00 90.4 88.4 91.2 0.00  0.00 3.51  0.46  0  
NaNH4FeZnBr3I3 1.83  57  2.14 2.12 0.99 90.5 90.8 89.7 0.02  0.00 4.04  9.37  1  
NaNH4MnCuBr3I3 1.85  60  2.36 2.08 0.88 89.8 89.2 89.2 0.01  0.00 5.04  3.26  0  
NaNH4MnCuI6 1.79  79  2.17 2.19 1.01 89.9 89.5 90.3 0.00  0.00 3.32  9.71  0  
NaNH4Mn2Br3I3 2.16  57  2.27 1.94 0.85 90.0 90.5 89.8 0.01  0.00 3.46  1.30  0  
NaNH4Nb2S6 1.99  160  2.00 2.00 1.00 90.4 90.0 90.0 0.01  -0.90 0.71  6.90  0  
NaNH4Sn2Br6 1.96  87  2.00 2.00 1.00 90.2 90.0 90.0 0.02  0.02 2.03  0.07  0  
NaNH4Sn2Br3I3 1.21  107  1.99 1.99 1.00 90.5 90.2 90.0 0.11  0.11 0.78  0.11  2  
NaNH4Sn2Cl3I3 1.79  95  1.98 1.97 1.00 89.5 90.7 89.3 0.63  0.62 3.00  0.41  78  
NaNH4Sn2I6 1.22  126  2.00 2.00 1.00 90.1 90.0 90.0 0.01  0.01 1.00  0.07  0  
NaNH4TiWS6 1.93  179  1.98 1.98 1.00 90.6 90.2 89.8 0.01  -0.95 1.69  33565.78  0  
NaNH4ZnSnBr6 2.18  62  1.81 1.79 0.99 92.9 90.8 89.7 1.26  1.06 1.36  0.67  248  













∗ /a.u. 𝐸b/meV 
NaNH4ZnSnBr3I3 1.53  82  1.72 1.73 1.01 90.3 89.7 90.0 0.76  0.67 1.69  0.34  70  
NaNH4ZnSnCl3I3 2.05  70  1.63 1.65 1.01 89.6 90.1 88.7 0.72  0.61 1.01  0.30  57  
NaNH4ZnSnI6 1.45  101  1.95 1.94 1.00 90.5 89.9 90.0 0.50  0.00 0.52  0.34  48  
NaNH4Zn2Br3I3 1.93  57  1.73 1.69 0.97 94.3 88.7 91.1 2.42  2.18 0.29  5.37  277  
NaNH4Zn2I6 1.77  76  2.00 2.00 1.00 90.2 90.0 90.0 0.01  0.00 0.16  6.68  1  
NaSrCrCuBr3I3 1.80  167  2.26 2.26 1.00 90.0 90.0 90.0 0.00  -0.57 1.91  14.93  0  
NaSrCrCuI6 2.14  164  2.16 2.16 1.00 90.0 90.0 90.0 0.00  -0.35 3.58  1904.51  0  
NaSrCuSnBr6 1.51  132  1.97 1.97 1.00 90.0 90.0 90.0 1.03  0.24 0.44  0.62  100  
NaSrCuSnBr3I3 1.41  152  1.86 1.86 1.00 90.0 90.0 90.0 0.37  0.37 1.19  0.26  29  
NaSrCuSnCl3I3 2.17  185  1.84 1.84 1.00 90.0 90.0 90.0 0.43  0.43 1.20  0.40  40  
NaSrCuSnI6 1.38  204  1.95 1.95 1.00 90.0 90.0 90.0 0.35  0.11 0.72  0.18  17  
NaSrCuZnBr3I3 2.01  192  2.22 2.22 1.00 90.0 90.0 90.0 0.58  -0.69 0.28  1285.16  134  
NaSrCuZnI6 1.25  224  2.03 2.03 1.00 90.0 90.0 90.0 0.75  -1.19 0.20  243.97  65  













∗ /a.u. 𝐸b/meV 
NaSrFeCuBr3I3 2.02  134  2.19 2.19 1.00 90.0 90.0 90.0 0.00  -1.27 3.10  0.28  0  
NaSrFeCuI6 2.20  224  2.11 2.11 1.00 90.0 90.0 90.0 0.00  -1.09 1.83  1467.42  0  
(NH4)2AlCuBr3I3 2.02  55  2.03 2.02 1.00 90.6 90.0 90.0 0.20  0.00 0.23  23495.96  83  
NH4BiO3 1.91  148  2.02 2.00 0.99 89.9 90.0 90.0 0.01  -0.62 0.85  13.87  0  
(NH4)2Cr2Br3I3 2.10  78  2.25 2.03 0.90 89.9 89.6 89.9 0.00  0.00 2.67  6.14  0  
NH4CrI3 1.92  98  2.01 1.99 0.99 90.3 90.0 90.0 0.00  0.00 1.56  1.62  0  
(NH4)2CrFeBr3I3 1.93  65  2.32 2.03 0.87 90.3 90.6 90.5 0.00  0.00 3.46  1.11  0  
(NH4)2CrSnBr3I3 1.57  90  1.74 1.74 1.00 90.4 89.9 90.2 0.01  0.00 5.09  3.27  0  
(NH4)2CrSnCl3I3 2.08  78  1.64 1.66 1.01 92.4 90.3 91.3 0.01  0.00 3.16  7.68  0  
(NH4)2CrSnI6 1.53  109  1.87 1.83 0.98 93.1 90.0 90.0 0.00  0.00 2.57  1.70  0  
(NH4)2CrZnBr3I3 1.85  65  2.44 1.96 0.80 90.3 88.9 90.5 0.01  0.00 1.77  10.88  0  
(NH4)2CrZnI6 1.76  84  2.11 2.09 0.99 90.5 90.0 90.0 0.01  0.00 27.60  4.85  0  
(NH4)2CuBiBr6 2.13  113  1.84 1.84 1.00 91.2 90.0 90.0 0.03  0.00 1.35  1.16  1  













∗ /a.u. 𝐸b/meV 
(NH4)2CuBiBr3I3 1.85  167  1.73 1.75 1.01 90.6 90.2 89.8 0.25  0.00 0.51  1.76  27  
(NH4)2CuBiCl3I3 2.01  121  1.64 1.65 1.01 91.2 90.4 90.6 0.17  0.05 16.84  12.96  373  
(NH4)2CuBiI6 2.10  140  1.84 1.83 0.99 92.2 90.0 90.0 0.00  -0.04 1.58  1.69  0  
(NH4)2Cu2Br6 2.09  37  2.00 1.99 1.00 90.5 90.0 90.0 0.00  0.00 0.37  6.67  0  
(NH4)2Cu2Br3I3 1.60  57  2.02 2.00 0.99 91.0 90.0 90.1 0.01  0.00 0.65  0.68  0  
(NH4)2Cu2Cl3I3 1.99  45  2.22 2.13 0.96 90.8 90.1 90.4 0.02  0.00 1.37  1.41  0  
NH4CuI3 1.56  77  2.00 1.99 1.00 90.3 90.0 90.0 0.00  0.00 0.33  1.46  0  
(NH4)2CuGaBr6 1.53  160  2.00 1.99 1.00 90.6 90.0 90.0 0.08  -1.74 0.75  1105.79  177  
(NH4)2CuGaBr3I3 1.98  148  1.96 1.94 0.99 90.7 89.9 90.2 0.17  -1.29 0.74  21.86  24  
(NH4)2CuGaCl3I3 1.51  179  2.03 1.95 0.96 90.3 90.4 90.5 0.13  -0.17 2.93  6.30  74  
(NH4)2CuGaI6 1.81  135  1.99 1.99 1.00 90.3 90.0 90.0 0.00  -1.51 0.24  291.99  14  
(NH4)2CuSbBr6 2.17  37  1.96 1.95 1.00 91.5 90.0 90.0 0.02  0.00 0.18  1.17  0  
(NH4)2CuSbBr3I3 1.67  56  1.78 1.77 1.00 91.0 90.1 89.7 0.11  0.00 0.53  0.50  0  













∗ /a.u. 𝐸b/meV 
(NH4)2CuSbCl3I3 2.07  45  1.70 1.70 1.00 91.2 90.3 90.4 0.02  0.00 1.12  0.72  0  
(NH4)2CuSbI6 1.62  76  1.96 1.95 1.00 91.2 90.0 90.0 0.00  0.00 0.27  0.58  0  
(NH4)2FeSnBr6 2.14  58  1.88 1.87 1.00 92.4 90.0 90.0 0.00  0.00 1.38  0.88  0  
(NH4)2FeSnBr3I3 1.41  77  1.78 1.78 1.00 91.0 89.8 89.9 0.01  0.00 9.82  0.65  0  
(NH4)2FeSnCl3I3 1.99  65  1.73 1.73 1.00 90.7 89.8 90.9 0.01  0.00 6.16  30.80  0  
(NH4)2FeSnI6 1.37  97  1.95 1.94 1.00 90.6 91.6 88.7 0.00  0.00 3.49  0.88  0  
(NH4)2FeZnBr3I3 1.79  52  2.46 1.92 0.78 90.2 89.0 90.1 0.01  0.00 1.00  60.14  0  
(NH4)2MnCuBr3I3 1.81  54  2.30 2.15 0.94 90.0 89.8 90.9 0.01  0.00 5.73  142.73  0  
(NH4)2MnCuI6 1.74  74  2.16 2.14 0.99 90.6 89.9 90.0 0.00  0.00 2.83  11.45  0  
(NH4)2Mn2Br3I3 2.13  52  2.23 1.97 0.88 90.4 89.6 90.1 0.01  0.00 13.21  20.07  0  
NH4NbS3 2.06  125  2.00 1.99 1.00 90.2 90.0 90.0 0.00  0.00 1.08  3.86  0  
NH4SnBr3 2.01  82  2.00 2.00 1.00 90.4 90.0 90.0 0.08  0.07 0.60  0.08  0  
(NH4)2Sn2Br3I3 1.17  102  1.98 1.98 1.00 91.3 89.9 89.9 0.30  0.26 1.16  0.12  12  













∗ /a.u. 𝐸b/meV 
(NH4)2Sn2Cl3I3 1.83  90  1.95 1.88 0.97 92.4 89.4 90.5 1.34  1.30 2.03  1.86  500  
NH4SnI3 1.12  121  2.00 2.00 1.00 90.3 90.0 90.0 0.03  0.02 0.58  0.08  0  
(NH4)2TiWO6 1.70  154  2.00 1.99 1.00 90.8 90.0 90.0 0.00  0.00 1204.80  234.53  44  
(NH4)2TiWS6 1.78  135  1.80 1.79 0.99 93.5 90.0 90.0 0.60  0.26 1.32  142.81  161  
(NH4)2ZnSnBr3I3 1.51  77  1.67 1.70 1.01 92.3 90.0 90.6 0.89  0.76 0.80  0.30  67  
(NH4)2ZnSnCl3I3 2.08  65  1.64 1.67 1.02 91.7 89.9 90.7 0.76  0.63 0.90  0.31  59  
(NH4)2ZnSnI6 1.41  96  1.78 1.77 1.00 94.8 90.0 90.0 1.23  1.04 1.64  0.89  213  
(NH4)2Zn2Br3I3 1.90  52  2.24 1.89 0.85 91.0 88.6 90.0 0.93  0.65 0.21  19.55  147  




Shohei Kanno                                 Tokyo Metropolitan University, Japan 
２２４ 
 
Table 4.5. Band gap predicted by machine learning (𝐸g), estimated cost, Bravais lattice vector length ratios (|𝐚| |𝐛|⁄ , |𝐚| |𝐜|⁄ , and |𝐛| |𝐜|⁄ ), 
angles between Bravais lattice vectors (α, β, and γ), electron effective mass 𝑚e
∗, hole effective mass 𝑚h
∗ , exciton binding energy 𝐸b, and 
theoretical PCE of 24 most promising perovskites identified. 
Perovskite 𝐸g/eV Cost/$ mol-1 |𝐚| |𝐛|⁄  |𝐚| |𝐜|⁄  |𝐛| |𝐜|⁄  α/degree β/degree γ/degree 𝑚e
∗/a.u. 𝑚h
∗ /a.u. 𝐸b/meV PCE/% 
CaBaMnNbS6 2.18 194  1.91 1.91 1.00 90.0 90.0 90.0 0.55  0.62  0  13.6  
CaSrCu2I6 1.81 171  2.00 2.00 1.00 90.0 90.0 90.0 0.36  0.45  10  19.1  
FASnI3 1.51 122  1.96 2.00 1.02 90.0 90.0 90.1 0.84 0.10 4  22.2  
KSnBr3 1.92 159  2.00 2.00 1.00 90.0 90.0 90.0 0.79  0.09  9  17.4  
K2Sn2Br3I3 1.13 179  1.98 1.98 1.00 90.0 90.0 90.0 0.81  0.07  0  22.1  
K2Sn2Cl3I3 1.75 167  1.98 1.98 1.00 90.0 90.0 90.0 0.98  0.13  5  19.8  
KSnI3 1.14 198  2.00 2.00 1.00 90.0 90.0 90.0 0.74  0.08  2  22.1  
KMASn2Br6 1.99 121  1.99 2.00 1.00 90.5 90.0 90.0 0.94 0.15 33  16.4  
KMASn2Br3I3 1.17 141  1.98 1.98 1.00 90.2 90.3 89.9 0.97  0.13  14  22.2  
KMASn2I6 1.16 160  2.00 1.99 1.00 90.4 90.0 90.0 0.81  0.11  9  22.2  
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Perovskite 𝐸g/eV Cost/$ mol-1 |𝐚| |𝐛|⁄  |𝐚| |𝐜|⁄  |𝐛| |𝐜|⁄  α/degree β/degree γ/degree 𝑚e
∗/a.u. 𝑚h
∗ /a.u. 𝐸b/meV PCE/% 
KNH4Sn2Br6 1.97 121  2.00 2.00 1.00 90.2 90.0 90.0 0.83 0.08 1  16.7  
KNH4Sn2Br3I3 1.14 140  2.00 1.99 1.00 90.8 90.1 90.0 0.79  0.08  0  22.1  
KNH4Sn2I6 1.12 160  2.00 2.00 1.00 90.1 90.0 90.0 0.72  0.07  0  22.0  
MAFASn2I6 1.39 122  1.98 1.98 1.00 90.1 89.4 90.0 1.00 0.09 2  23.0  
MA2Sn2Br3I3 1.33 103  1.99 1.97 0.99 90.4 90.0 90.1 1.00 0.13 13  22.9  
MA2Sn2Cl3I3 1.96 91  1.96 1.96 1.00 89.9 89.8 90.5 0.88 0.12 11  16.8  
MASnI3 1.29 122  2.00 1.98 0.99 90.3 90.0 90.0 0.78 0.15 16  22.3  
NaKSn2Br6 1.94 126  2.00 2.00 1.00 90.0 90.0 90.0 0.78 0.07 0  17.2  
NaKSn2Br3I3 2.12 135  1.99 1.99 1.00 90.0 90.0 90.0 0.86  0.18  13  14.5  
NaKSn2I6 1.54 138  2.00 2.00 1.00 90.0 90.0 90.0 0.73  0.07  0  21.9  
Na2Sn2Br3I3 1.48 112  2.00 2.00 1.00 90.0 90.0 90.0 0.81 0.18 22  22.3  
Na2Sn2Cl3I3 1.92 100  1.99 1.99 1.00 90.0 90.0 90.0 0.91 0.15 8  17.4  
NaSnI3 1.86 147  2.00 2.00 1.00 90.0 90.0 90.0 0.72  0.07  0  18.3  
NaNH4Sn2I6 1.22 126  2.00 2.00 1.00 90.1 90.0 90.0 1.00 0.07 0  22.3  
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Table 4.6. Formation enthalpies, direct band gap, indirect band gap, gap type, and levels of CBM and VBM relative to vacuum level of 19 
novel perovskites identified. 
Perovskite Formation enthalpy / kJ mol-1 Direct band gap / eV Indirect band gap / eV Gap type CBM level / eV VBM level / eV 
CaBaMnNbS6 -1664 0.55 0.00 Indirect -4.63 -4.63 
CaSrCu2I6 -1125 0.65 0.08 Indirect -4.88 -4.97 
KSnBr3 -610 0.70 0.70 Direct -5.04 -5.74 
K2Sn2Br3I3 -1053 0.39 0.39 Direct -5.01 -5.40 
K2Sn2Cl3I3 -1161 0.46 0.46 Direct -5.31 -5.77 
KSnI3 -458 0.46 0.46 Direct -4.80 -5.26 
KMASn2Br6 -1158 0.95 0.95 Direct -5.53 -6.48 
KMASn2Br3I3 -1002 0.56 0.56 Direct -5.51 -6.08 
KMASn2I6 -878 0.54 0.54 Direct -5.33 -5.87 
KNH4Sn2Br6 -1117 0.51 0.51 Direct -5.76 -6.27 
KNH4Sn2Br3I3 -960 0.29 0.29 Direct -5.66 -5.95 
KNH4Sn2I6 -828 0.32 0.32 Direct -5.45 -5.77 
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Perovskite Formation enthalpy / kJ mol-1 Direct band gap / eV Indirect band gap / eV Gap type CBM level / eV VBM level / eV 
NaKSn2Br6 -1075 0.49 0.49 Direct -5.23 -5.72 
NaKSn2Br3I3 -919 0.51 0.51 Direct -5.04 -5.55 
NaKSn2I6 -785 0.37 0.37 Direct -4.93 -5.29 
Na2Sn2Br3I3 -821 0.66 0.66 Direct -5.05 -5.71 
Na2Sn2Cl3I3 -941 0.51 0.51 Direct -5.27 -5.78 
NaSnI3 -327 0.24 0.24 Direct -5.07 -5.32 
NaNH4Sn2I6 -699 0.20 0.20 Direct -5.60 -5.80 
 
  




 In this study, we examined if promising alternative perovskites with low cost, 
low toxicity, and high photovoltaic performance exist. To investigate this efficiently, a 
high-throughput material search scheme based on materials informatics was developed 
and applied to the screening of 28,125,225 AA′BB′X3X′3 double perovskite candidates. 
This scheme systematically considered not only the semiconductor properties of the 
candidates (such as the band gap and carrier effective mass) but also the feasibility of 
their synthesis, toxicity, and cost, which have rarely been considered in previous studies. 
This study used a combination of informatics strategies based on experimental databases 
and a newly built theoretical database. 
 To accelerate the material search, the synthetic feasibility, toxicity, and cost were 
estimated from elemental and atomic information. Furthermore, band gaps were predicted 
by an SVR machine learning model with a Gaussian kernel. The machine learning model 
was trained on the experimental band gap data of 282 perovskites. We believe that this 
dataset will be useful in follow-on studies in material research. Our high-throughput 
material search scheme can systematically consider the physical properties, toxicity, and 
cost, and can be modified for use in other material searches. For example, it could be 
extended to search for novel perovskite materials for the water-splitting photocatalytic 
reaction by simply changing the band gap screening criteria. Our work represents a 
pioneering material search method based on materials informatics that can consider 
various criteria with the aim of identifying materials for practical applications. 
 Through the materials search scheme, 24 promising candidates were discovered 
from 28,125,225 AA′BB′X3X′3-type compositions. Among the 24 discovered perovskites, 
22 candidates were tin-halide perovskites, five of which are already well-known and 
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employed as alternative materials for PSCs. Their identification is consistent with the 
results of recent experimental studies [8,9,206–208] and confirmed the reliability of our 
material search scheme. Novel sodium, potassium, and ammonium-based tin-halide 
perovskites were also identified. Therefore, we propose that not only MA-, FA-, and 
caesium-based perovskites but also sodium-, potassium-, and ammonium-based 
perovskites represent promising alternative PSC materials. In addition to the tin-halide 
perovskites, two novel transition-metal-based perovskites, CaSrCu2I6 and CaBaMnNbS6, 
were identified. Therefore, the answer to the question, “Do promising alternative 
perovskites other than tin-halide perovskites exist?” is “yes.” We report that there are 
alternative perovskites other than tin-halide perovskites that show low toxicity, low cost, 
and high performance as PSCs from the standpoint of materials informatics. This result 
represents valuable information to guide experimental alternative perovskite searches. 
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Chapter 5. Theoretical Study on the Carrier Property of 
Oxyhalide Water-splitting Photocatalysts 
5.1 Introduction 
 Photocatalytic water splitting using solar energy is a very promising approach 
for clean hydrogen production [1–11]. Since the discovery of the Honda-Fujishima effect 
[1], considerable efforts have been directed toward the development of various 
semiconducting photocatalysts, such as oxide [12,13], (oxy)nitride [14], (oxy)sulfide 
[15,16], and (oxy)halide [17–19], for overall water splitting and H2/O2 evolution. 
However, the efficiency of the existing photocatalysts is still low for them to be of 
practical utility. Many factors influence the photocatalytic activity of a semiconductor 
(e.g., optical/electrochemical properties, charge carrier mobility/lifetime, and particle 
morphology) [20]. Thus, a deeper understanding of the parameters that limit the catalytic 
efficiency of a photocatalyst as well as the development of novel photocatalysts are 
indispensable for achieving a breakthrough in photocatalytic water splitting. 
 A photocatalytic reaction can be roughly categorised into three steps: (1) photon 
absorption, (2) charge separation and migration of charge carriers, and (3) surface 
chemical reactions. For evaluating the upstream steps of (1) and (2), flash-photolysis 
time-resolved microwave conductivity (TRMC) provides an electrodeless approach for 
determining the charge generation yield and the mobility and lifetime of the charge carrier, 
which is suitable for the rapid screening of materials that can be potentially used in solar 
cells [21–23]. Thus, this technique has been applied to study the charge carrier dynamics 
of photocatalysts in powder forms [24–26]. Recently, a correlation between the product 
of the TRMC photoconductivity and lifetime and the photocatalytic activities of 
Shohei Kanno                                 Tokyo Metropolitan University, Japan 
２４６ 
 
oxyhalides Bi4TaO8Cl and PbBiO2Cl have reported [27]. Considering that the charge 
carrier mobility (μ) in the band transport framework is proportional to the reciprocal of 
the effective mass (m*), the transient pseudo-photoconductivity maximum (φΣμ) should 
correlate with the calculated m*. Here, φ and Σμ are the quantum yield and the sum of 
hole and electron carrier mobilities (Σμ = μ+ + μ–). However, the relationship between m
* 
and the photocatalytic activity of a semiconductor has not yet been fully clarified. This is 
mostly due to the complexity of functional systems (aforementioned serial steps of the 
photocatalytic reaction) and undesired factors (scattering at the impurity and trap sites). 
Therefore, establishing a correlation between the computed parameters and experimental 
photocatalytic activities has remained challenging. 
 More recently, a rarely observed structure-property-performance relationship for 
a solid solution of the oxychloride photocatalyst, SrxPb1–xBiO2Cl (x = 0–1) were examined 
in experiments. PbBiO2Cl (i.e. x = 0) has recently been found to efficiently oxidise water 
to oxygen under visible light irradiation [28]. At the optimised composition, this material 
shows the highest apparent quantum efficiency (3% at 400 nm) amongst oxyhalide 
photocatalysts prepared by solid-state reaction (SSR) [27]. As shown in Figure 5.1, the 
O2-evolution rates decrease with increasing Sr content from 11.8 μmol h
–1 for PbBiO2Cl 
to 5.0 μmol h–1 for Sr0.2Pb0.8BiO2Cl. Interestingly, not only the O2-evolution rates, but 
also the φΣμ decrease with increasing Sr content as shown in Figure 5.2, and they have a 
strong correlation. Thus, the correlation suggests that the process of separation and 
migration of charge carriers can be a rate determining step when the photocatalytic 
reaction is carried out for SrxPb1–xBiO2Cl (x = 0–1). However, nature of the dependence 
of charge carrier mobility on the Pb/Sr ratio has not become clear. Theoretical analysis 
for the m* and the electronic structure has to be performed to deeply understand the carrier 
Shohei Kanno                                 Tokyo Metropolitan University, Japan 
２４７ 
 
property and the photocatalytic activity. 
 
 
 Here the m* values of the hole and electron in the xyz directions are calculated 
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Figure 5.1. Initial (<60 min) O2-evolution rates from the aqueous AgNO3 solutions of 
SrxPb1-xBiO2Cl under illumination (λ = 300–400 nm). The error bars show standard 
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Figure 5.2. horizontal, vertical, and average φΣμ values with respect to x (inset is 
schematic of the directions).  
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from the perspective of the interactions of the involved atomic orbitals. We then compare 
the m* and photoconductivity and establish a robust correlation between m*,φΣμ, and the 
photocatalytic activity of a semiconducting material. In addition, we theoretically 
demonstrate improvements of the m* value through ionic substitutions of Pb and Bi in the 
PbBiO2Cl for enhancement of the φΣμ and the photocatalytic activity. 
5.2 Computational Details 
 DFT calculations were carried out for the orthorhombic phase PbBiO2Cl and 
SrBiO2Cl. The ion positions and lattice constants were optimised with the convergence 
threshold for a change in the total energy of 10–3 eV. During the structural optimisations, 
216 k-points generated from 10 × 10 × 10 grid points by a tetrahedron method with Blöchl 
corrections were sampled in the first Brillouin zone. The electronic band structures, the 
projected density of states (PDOS), and the effective mass tensors of the electron and hole 
were calculated over the optimised structures by including spin-orbit coupling (SOC) 
based on the zeroth-order-regular approximation (ZORA) Hamiltonian [29,30]. In the 
calculations of the electronic band structure, the band dispersions were depicted via 
specific paths, Γ→ X → S → Y → Γ → Z → U → R → T → Z | Y → T | U → X | S → 
R. In the PDOS calculations, 4004 k-points generated from 20 × 20 × 20 grid points by 
the tetrahedron method with Blöchl corrections were sampled. In the calculations of the 
effective masses of the electron and hole, 8,000 k-points (= 20 × 20 × 20 grid points) were 
sampled. The electron and hole effective mass tensors are defined as the double partial 
differentials of the energy band (E(k)) at the conduction band minimum (CBM) and 










    (5.1) 
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 where i and j are x, y, or z direction. The double partial differentials were 
approximated by the finite difference method. 20 × 20 × 20 grid points were prepared for 
the orthorhombic PbBiO2Cl and SrBiO2Cl. Calculations for the solid solutions of SrxPb1-
xBiO2Cl (x = 0.25, 0.50, 0.75) were conducted in the same fashion. For the solid solutions, 
4, 6, and 4 types of unit cells were considered for Sr0.25Pb0.75BiO2Cl, Sr0.5Pb0.5BiO2Cl, 
and Sr0.75Pb0.25BiO2Cl solid solutions, respectively. Because, 4 ion sites of Pb or Sr exist 
in the unit cell at orthorhombic phase, and the 4, 6, and 4 types of unit cells can be 
generated for each solid solution according the ratio of Pb and Sr. In this study, geometry 
optimizations of the ions and lattice constants were performed for the all types of unit 
cells of each solid solution. The electron and hole effective masses were calculated for 
the most stable structures in each solid solution. All periodic boundary condition (PBC) 
calculations were performed using the Perdew–Burke–Ernzerhof (PBE) exchange 
correlation functional with projector augmented wave (PAW) pseudopotentials and 600 
eV plane-wave cut-off in the Vienna ab initio simulation package (VASP) code [32–34]. 
Note that the use of Heyd-Scuseria-Ernzerhof hybrid functional (HSE06) [35], instead of 
PBE, leads to a small difference in the band dispersion. 
 In order to determine the atomic orbital energies of constituent elements in 
PbBiO2Cl and SrBiO2Cl, ab initio atomic orbital calculations were carried out. The orbital 
energies were estimated by the SOC approach with relativistic Hamiltonian based on 
ZORA with the PBE exchange correlation functional [36,37], as implemented in the 
Amsterdam density functional program package (ADF 2017) [38]. ZORA triple-zeta + 
polarized (TZP) was used as basis set [39]. 
5.3 Results and Discussion 
 The density of states (DOS) and band structure of PbBiO2Cl and SrBiO2Cl are 
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shown in Figures 5.3a–b and Figure 5.4a–b (the first Brillouin zone of the orthorhombic 
lattice and full range of DOS are shown in Figures 5.5 and 5.6a–b, respectively). Table 




zz) and average 





–1)–1) in the unit of a free electron mass 
(m0). Remarkably, the effective masses of the charge carriers of PbBiO2Cl are much 
smaller than those of the charge carriers of SrBiO2Cl in most of the crystal directions. For 
example, electron m*xx = 0.29 m0 for PbBiO2Cl while the electron m
*
xx = 1.39 m0 for 
SrBiO2Cl. Thus, the m
*
avg values for the electrons and holes in PbBiO2Cl are respectively 
2.5 times and 2.1 times smaller than those of the electrons and holes of SrBiO2Cl. If the 
collision times for PbBiO2Cl and SrBiO2Cl are assumed to be the same, the inverse of 




values of the charge carriers in PbBiO2Cl and SrBiO2Cl along with those of the charge 
carriers in their solid solutions (SrxPb1-xBiO2Cl, x = 0–1 changed in steps of 0.25), where 
the (m*avg)
–1 values for electrons and holes are mostly observed to decrease with 
increasing Sr content (the values are listed in Table 5.2). Overall, the sum of the (m*avg)
–1 
values of the hole and electron decrease monotonically, and PbBiO2Cl (x = 0) has 2–3 
times higher (m*avg)
–1 value than SrBiO2Cl (x = 1). Notably, the decrease in the average 
φΣμ value with increasing Sr content clearly correlates with the decrease in (m*avg)
–1 with 
increasing Sr content (see Figure 5.2 and 5.7). This structure-property relationship, which 
is reasonable but rarely observed, is only manifested owing to the systematic change in 
the effective mass using the solid solution (continuous displacement of Pb by Sr) and 
versatile evaluation using the TRMC. Quantitatively, the difference between the φΣμ 
values of PbBiO2Cl and SrBiO2Cl (10 fold) is apparently larger than the difference 
between their effective masses (2–3 fold). This is possibly due to the large impact of the 
decreased crystallite size (see Figure 5.8 and Table 5.3) on the φΣμ, as observed in 
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oxyhalide photocatalysts [27]. Another reason is the reduction of the charge carrier 
generation efficiency and collision time. We next examine whether the photocatalytic 
activity correlates with the TRMC and effective mass. As Discussed in introduction, the 
O2-evolution rates decrease with increasing Sr content from 11.8 μmol h
–1 for PbBiO2Cl 
to 5.0 μmol h–1 for Sr0.2Pb0.8BiO2Cl. Clearly, this trend agrees well with the decrease in 
(m*avg)
–1 with increasing Sr content.  
 
 





















































Figure 5.3. DOSs of (a) PbBiO2Cl and (b) SrBiO2Cl. 


























































Figure 5.5. First Brillouin zone of orthorhombic lattice. 






























Figure 5.6. Full range of DOS of (a) PbBiO2Cl and (b) SrBiO2Cl. 





















































Figure 5.7. Inverse of m*avg for SrxPb1-xBiO2Cl. 






Table 5.1. Calculated effective masses (m0 unit) in the x, y, and z directions (m*xx, m*yy, 
and m*zz) and the average effective masses (m*avg)
a of the holes and electrons of PbBiO2Cl 
and SrBiO2Cl. 







Effective mass PbBiO2Cl SrBiO2Cl 
Electron Hole Electron Hole 
m*xx
  0.29  1.10  1.39  1.06  
m*yy
  0.28  1.03  0.50  19.74  
m*zz
  0.77  4.86  1.82  124.28  
m*avg
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Figure 5.8. Crystallite size of SrxPb1-xBiO2Cl (x = 0–1) estimated from the (111) facet 
peaks using the Scherrer equation. 
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Table 5.2. Calculated effective masses (m0 unit) in x, y, and z directions (m*xx, m*yy, and 
m*zz) and average effective masses (m*avg) of hole and electron for SrxPb1-xBiO2Cl (x = 
0.25, 0.50, 0.75). 
 
Table 5.3. Integral breadths, full width at half maxima, and crystallite sizes for (111) facet 
peaks in the XRD patterns of SrxPb1-xBiO2Cl. 
x Integral breadtha (deg.) FWHMa (deg.) Crystallite sizeb (Å) 
0 0.171(4) 0.137(2) 526 
0.02 0.158(3) 0.127(2) 571 
0.05 0.172(3) 0.1375(18) 524 
0.1 0.173(3) 0.137(2) 520 
0.15 0.187(4) 0.1491(18) 482 
0.2 0.176(3) 0.142(2) 511 
0.3 0.181(3) 0.1449(18) 497 
0.4 0.207(4) 0.1643(13) 437 
0.5 0.210(4) 0.1687(16) 429 
0.6 0.232(4) 0.1837(16) 388 
Effective  
mass 
x = 0.25 x = 0.5 x = 0.75 
Electron Hole Electron Hole Electron Hole 
m*xx
  0.39 3.31 0.54 1.16 0.56 1.19 
m*yy
  0.36 1.21 1.54 1.34 1.35 10.19 
m*zz
  1.66 46.48 2.49 4.02 8.57 9.36 
m*avg
  0.50 2.61 1.03 1.61 1.14 2.87 
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x Integral breadtha (deg.) FWHMa (deg.) Crystallite sizeb (Å) 
0.8 0.275(5) 0.2169(14) 328 
1 0.273(6) 0.2032(19) 330 
aIntegral breadths and full-width at the half maxima (FWHMs) were determined from 
the split pseudo-Voigt function fitting. 
bCrystallite sizes were estimated by the Scherrer equation (K = 1) using the integral 
breadths. 
 
 Interestingly, the effective mass of the electron in SrBiO2Cl is rather anisotropic 
(m*xx / m
*




yy = 1.0). As seen in the 
DOS graph in Figure 5.3b and Figure 5.6b, the CBM of SrBiO2Cl is mainly composed of 
Bi-6p and O-2p orbitals, without the interaction of Bi-6p and Sr-5s orbitals (magnified 
DOS around the conduction band are shown in Figure 5.9b). Such no contribution of Sr-
5s can also be seen in the partial charge density of the CBM for SrBiO2Cl (Figure 5.10). 
In sharp contrast, obvious interactions of the Pb-6p, Bi-6p, and O-2p orbitals in the CBM 
is observed for PbBiO2Cl (Figure 5.3a, Figure 5.6a, and Figure 5.11). Such orbital 
interactions can be readily explained by the matching of the energy levels of these atomic 
orbitals. The energy level of Bi-6p is much closer to that of Pb-6p (energy difference Δ = 
0.1 eV) than to that of Sr-5s (Δ = 1.6 eV), as shown in Figure 5.12, which facilitates the 
interaction and delocalization of Bi-6p and Pb-6p orbitals, thereby leading to the small 
and isotropic effective electron mass in the xy (in-plane) direction. Similarly, the separate 
alignment of the non-hybridised Bi and Sr orbitals in SrBiO2Cl along the y-direction 
(Figure 5.13) accounts for the large effective electron mass in the x-direction and its large 





Shohei Kanno                                 Tokyo Metropolitan University, Japan 
２５７ 
 




yy = 1.1). As shown in Figure 5.3b, DOS 
around the VBM of SrBiO2Cl mainly consists of O-2p orbitals, along with small fraction 
of Bi-6s, Bi-6p, and Cl-3p orbitals. These orbitals compose the anisotropic partial charge 
density of the VBM (Figure 5.10), as well as the anisotropic hole effective mass. On the 
other hand, the DOS around the VBM of PbBiO2Cl consists of the O-2p, Pb-6s, Pb-6p, 
Bi-6s, Bi-6p and Cl-3p orbitals hybridized among themselves (Figure 5.3a) The 
introduction of Pb orbitals results in the isotropic partial charge density (Figure 5.11) in 
the x and y direction, respectively, leading to the isotropic hole effective mass. 
Importantly, the more delocalized charge density of the VBM for PbBiO2Cl than that for 
SrBiO2Cl provides a bettter hole transport property. 
Figure 5.9. Magnified DOS around conduction bands of (a) PbBiO2Cl and (b) 
SrBiO2Cl. 


































Figure 5.10. The partial charge densities of the CBM and VBM for SrBiO2Cl. Blue, 
purple, red, and Green spheres represent Sr, Bi, O, and Cl atoms, respectively. 







Figure 5.11. The partial charge densities of the CBM and VBM for PbBiO2Cl. Gray, 
purple, red, and green spheres represent Pb, Bi, O, and Cl atoms, respectively. 
































Figure 5.12. Orbital energies of Sr-5s, Pb-6p, and Bi-6p. The orbital energies were 
estimated from the first ionization potentials according to the Koopmans' theorem 
[41], because DFT calculations of these orbital energies were difficult due to the 
varieties of electron configuration and the electron correlations in the 6p orbitals. 





















































Figure 5.13. Crystal structure of SrBiO2Cl. 
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 As expected for materials with a layered structure, the effective masses of the 
holes and electrons in the z-direction of layered PbBiO2Cl and SrBiO2Cl (i.e., stacking 
direction) are the largest among the effective masses of carriers in different directions. 
Despite the two-dimensional layered structure, the electron m*zz of PbBiO2Cl (0.77 m0) is 
2.4-times smaller than that of SrBiO2Cl (1.82 m0), owing to the interaction between Pb-
6p and Bi-6p orbitals across the Cl layer, which enhances orbital-delocalization in the z-
direction and can be a bridge between the stacked layers for carrier electrons (see Figure 
5.13). Remarkably, a large difference in m*zz is observed for the hole: SrBiO2Cl has a 
heavy hole with m*zz of 124.28 m0, which is approximately 26-fold heavier than that of 
PbBiO2Cl (4.86 m0). The smaller m
*
zz for the hole of PbBiO2Cl is due to the contributions 
of not only O-2p, Bi-6s, and Bi-6p but also Pb-6s and Cl-3p orbitals to the VBM. In other 
words, PbBiO2Cl has moderate band dispersion in the z-direction (Γ→Z and Y→T) 
owing to the orbital interactions enhanced by the Pb-6s and Cl-3p, while SrBiO2Cl has 
no band dispersion in this direction (Γ→Z, Y→T, U→X, and S→R), owing the negligible 
contribution from Cl-3p (Figure 5.4). The energy levels of Cl-3p, Pb-6s, and Sr-4p 
orbitals support this argument, with the difference between the energies of Cl-3p and Pb-
6s orbitals being 3.0 eV, which is much smaller than that between the Cl-3p and Sr-4p 
orbitals (14.3 eV, Figure 5.14). In addition, our calculation suggests that effective mass 
of the hole in the stacking direction of such layered oxychlorides can be controlled by the 
appropriate choice of metal species in the structure. For instance, Sn-5s and Sb-5s orbitals 
are expected to strongly interact with O-2p and Cl-3p than would Pb-6s and Bi-6p (Figure 
5.15). Figure 5.16 shows the inverse of m*avg of hole in SnBiO2Cl and PbSbO2Cl which 
are replaced to Sn or Sb from Pb or Bi in PbBiO2Cl. The (m
*
avg)
–1 values increase greatly, 
and SnBiO2Cl and PbSbO2Cl have 10–30 times higher (m
*
avg)
–1 value than PbBiO2Cl. 
Thus, the hole mobility and the photocatalytic activity would be enhanced if Pb or Bi in 
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Figure 5.14. Orbital energies of O-2p, Cl-3p, Pb-6s, Bi-6s, and Sr-4p. 




Figure 5.15. Various atomic orbital energies. The energy levels of Pb-6s, Bi-6s, Sn-
5s, and Sb-5s orbitals are plotted as black lines, and O-2p and Cl-3p orbitals are plotted 
as dashed lines. 





















































PbBiO2Cl SnBiO2Cl SnSbO2Cl 
Figure 5.16. Inverse of averaged hole effective mass for PbBiO2Cl, SnBiO2Cl, and 
PbSbO2Cl. 




 We established the robust correlation between the effective mass, 
photoconductivity, and photocatalytic activity of SrxPb1-xBiO2Cl by combining the results 
of DFT calculations and TRMC measurements. DFT calculations indicated that the 
contribution of Pb orbitals is the key factor responsible for the decrease in the effective 
masses of both electrons and holes of PbBiO2Cl compared with those of SrBiO2Cl. In 
particular, the effective mass of the hole in the stacking direction depends significantly 
on the interaction between the Cl-3p orbital and filled s-orbitals of the metal. In addition, 
we theoretically demonstrate great increase in (m*avg)
–1 of hole by ionic substitutions to 
enhance the hole mobility and the photocatalytic activity. 
 Recently, materials informatics, which enables efficient virtual screening of 
functional materials, has attracted great attention and has been deployed in various fields 
such as for the screening of materials for organic light-emitting diodes [42], lithium ion 
batteries [43], and solar cells [44]. Our work provides a foundation for exploring 
photocatalysts, in that the effective mass of the charge carrier calculated from DFT 
computations [45–47] or deduced from machine learning could serve as a good 
explanatory variable. We therefore foresee an efficient pathway for developing potential 
photocatalysts from the computed effective masses, which can be further accelerated by 
the continuously advancing data science. 
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Chapter 6. General Conclusion 
 Next-generation solar cells (e.g., DSSCs and PSCs) and hydrogen production 
using water-splitting photocatalysts are considered as clean energy sources that can solve 
the future energy problems. However, development of high-efficiency photovoltaic 
materials is essential for the practical application of such energy sources. To accelerate 
the design process of novel optical functional materials, the present thesis has focused on 
theoretical calculations related to dye-sensitizing polypyridyl metal complexes for 
DSSCs, organicinorganic hybrid perovskites for PSCs, and oxychloride compounds for 
water-splitting photocatalysts. 
 Light absorption by dye-sensitizers largely affects the power conversion 
efficiency of the DSSCs. Therefore, the nature and enhancement of efficient light 
absorption via spin-forbidden transitions in the long wavelength region has been studied 
using TDDFT with SO interactions, as discussed in the Chapter 2. The analysis of the 
absorption spectra of N3 and DX1 dyes reveals that the energy difference between the 
singlet and triplet excited states obtained using SR-TDDFT without the SO interactions 
is crucial for spin-forbidden transition: this energy difference for DX1 is smaller than that 
for N3. The effect of the SO interactions on the absorption spectra for DX1 and N3, 
namely, the appearance of the new peak and the redshift of the peaks, can be controlled 
by the energy levels of the singlet and triplet excited states calculated using SR-TDDFT. 
We confirmed that the SO interaction is strengthened by the heavy halogen atoms not 
only for the N3-based dye, but also the DX1-based dye. We also examined new dyes with 
a different metal atom instead of the Ru atom. Strong SO effects were observed for the I- 
ligand without the heavy atom effect of Ru, and consequently, the absorption peaks 
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assigned to the spin-forbidden transitions appeared in the long wavelength region. From 
the above analyses, we propose a new strategy to produce spin-forbidden transitions: 
namely, the source of the SO interactions can be a heavy halogen atom, iodine. 
 The fundamental understanding of the rotational dynamics of organic cations in 
organicinorganic hybrid perovskites for PSCs is indispensable for the analysis of their 
ferroelectricity and carrier properties. The rotational energy barriers and relaxation times 
of methylammonium (MA) have been investigated by experiments. As described in 
Chapter 3, the detailed rotational PES of MA in cubic-phase PAPbI3 was calculated by 
DFT, and the calculated rotational energy barrier agreed well with the experimental 
observations. Regarding formamidinium (FA) and guanidinium (GA), the rotational PESs 
and energy barriers, which have not been reported by experiments, were calculated and 
compared with those of MA. The results of these analyses show that the rotational barrier 
and orientation, which are correlated to the charge carrier lifetime and ferroelectricity, can 
be controlled by hydrogen bonding between the organic cations and inorganic 
frameworks as well as by halogen substitution; this is an important guideline that is useful 
during the design process. 
 The toxicity of lead halide perovskites is a serious issue, which obstructs the 
practical utilities of the PSCs. Therefore, novel high-efficiency lead-free perovskites are 
required to avoid the toxicity of the lead-based perovskites. In Chapter 4, to investigate 
alternative promising perovskites, a high-throughput material search scheme based on the 
combination of empirical rules, databases, machine learning techniques, and DFT 
calculations was developed and performed for the PSC materials. By screening over 28 
million AABBX3X3 double-perovskite-like compositions, the 24 most promising 
candidates were identified. Interestingly, two transition-metal-based perovskites that were 
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not investigated as photovoltaic semiconductors were also identified as promising PSC 
materials. Our pioneering material search scheme is expected to find use in the 
identification of practically feasible materials for a number of real-world applications. 
 Charge carrier effective mass is a fundamental property of semiconducting 
photocatalysts. In Chapter 5, we theoretically analyzed the charge carrier effective mass 
for layered oxyhalide photocatalysts using DFT calculations. The tendency of the 
effective mass was clearly explored in terms of orbital interactions between constituent 
atoms in the CBM and the VBM. Based on the analysis, novel oxyhalide photocatalysts 
with smaller effective mass of the holes were theoretically designed via metal 
substitutions. Thus, we foresee an efficient pathway for developing potential 
photocatalysts from the computed effective masses, which can be further accelerated by 
the continuous advancements in data science. 
 The present thesis demonstrates that first-principle calculations and machine 
learning techniques are powerful methods for theoretical and computational studies on 
physical property analyses and material design. Finally, it can be concluded that the 
theoretical investigations presented herein provide valuable information to guide 
experimental material research. 
